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ABSTRACT 
 
Climatic changes are occurring across the globe and warming is a pervasive issue for 
ectotherms across all habitats. Freshwater ecosystems are threatened by anthropogenic warming, 
and with projected increases in global temperatures, understanding the impacts of warming on 
aquatic communities and organism success is important. Many studies have examined the effects 
of future climate warming using a variety of experimental methodologies. Findings support a 
multitude of direct and indirect factors that will shape biotic communities. These responses 
provide broad expectations of the impacts of warming, such as increased nutrient loading, 
phytoplankton dominance, earlier phenological timing of reproductive events, shifts toward 
smaller body sizes, physiological constraints, and changes in behaviors.  
Warming temperatures can affect aquatic ecosystems through multiple mechanisms 
simultaneously. Temperature can affect ecosystems through ecological interactions, including 
both abiotic and biotic factors, such as changing physicochemical water conditions and 
phenological timing events, which can affect trophic cascades and cause differential species 
success. In ectotherms, rising environmental temperatures directly impact physiological 
mechanisms, influencing growth and metabolic costs that alter how individuals allocate energetic 
resources or how predators interact with prey. Some reproductive and life history strategies may 
be more beneficial in warmer temperatures, such as small body sizes and rapid growth. Species-
specific thermal tolerances may further affect how organisms utilize habitats with lakes. 
Behaviors such as foraging, thermoregulation, and predator avoidance allow individuals to 
balance ecological conditions and physiological constraints with energetic demands but changing 
ecological and physiological conditions may mean some behaviors may be more successful than 
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others in warming conditions. Importantly, there is some evidence of rapid adaptive responses to 
selective pressures that may alleviate some temperature effects, but examples are in only a 
handful of species in natural systems. 
Such multi-faceted effects interact in complex ways that are not easily predictable. 
Further, responses to climate change can be population-, species-, and/or system-specific, and 
even the capacity to adapt varies between species. Currently it is unclear how environmental 
changes of warming may impact important abiotic and biotic variables in lakes, as well as 
phenological timing of reproduction, population structures, life histories, behaviors, and 
physiological processes of ecologically and recreationally important fishes such as bluegill 
sunfish (Lepomis macrochirus) and largemouth bass (Micropterus salmoides). Previous 
experimental methodologies are often limited in spatial or temporal scale, in ecological 
relevance, and do not test climate change in replicated independent systems. There remains a 
need for manipulative experiments that observe the effects of increased temperatures in lake 
systems in situ over an ecologically relevant timeframe and in a replicated manner. I used power 
plant cooling lakes within central Illinois, USA as a proxy for future climatic warming to assess 
the impact of warming on aquatic organisms and lake ecosystems. Power plant cooling lakes are 
heated through thermal effluent and have remained at elevated temperatures for three to five 
decades. Heated lakes are warmed 5 – 7 °C year-round with temperature changes similar to 
projected climatic warming. Such systems offer the unique benefit of integrating myriad direct 
and indirect responses across all species and trophic levels to establish coherent ecological 
responses to climate change. 
From genes to ecosystems, I utilize these systems to address how warming affects aquatic 
communities, how community changes affect fish phenology and behavior, and how fish 
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populations alter life histories and physiological processes to cope with persistently warmer 
environmental conditions. To address changes in physicochemical water quality, primary 
producers, and important invertebrate food sources, I quantified ecological differences between 
abiotic and biotic variables in ambient and heated lakes. To ensure differences observed in lakes 
were appropriately associated with temperature, I also quantified these variables in a more 
controlled mesocosm design with higher replication. To understand if ecological changes 
brought about by increased temperature may affect ecologically important centrarchids, I 
assessed the population structure and life history of bluegill sunfish in ambient and heated lakes. 
Because the success of behaviors associated with foraging and predation risk depend on both 
temperature and ecological context, which are both changed in heated lakes, I considered 
whether fishes inhabiting heated lakes exhibited altered behaviors. Finally, to address 
physiological constraints observed on largemouth bass in above-ambient temperature regimes, I 
quantified metabolic processes associated with energetic demands and determined if they may be 
adaptive in populations that have been exposed to warmer environments for decades.  
I found that total phosphorous and chlorophyll a are unchanged in the summer period in 
both lakes and mesocosms, and warming did not lead to excessive nutrient loads, algal blooms, 
or anoxic conditions, as has been predicted elsewhere. However, the availability of phosphorous 
is altered during the winter time in heated lakes, likely due to changes in physical processes such 
as diffusion rates, thermal stratification, and decreased ice cover. Dissolved oxygen content in 
heated lakes was significantly decreased during early winter and mid-summer in lakes, but 
significantly higher in late fall. In mesocosms, O2 content (percent saturation) was diminished 
during the initial two weeks as organisms rapidly colonized the new environments likely due to 
faster ecosystem respiration rates, but this effect did not extend beyond the initial bloom period. 
v 
 
Warming consistently and dramatically reduced zooplankton abundances in both lakes and 
mesocosms. These effects were negative in all taxa observed in lakes, though lessened in smaller 
zooplankton (i.e. rotifers, bosmina). Mesocosms showed that rotifers were increased due to 
warming, which may be a difference based on ecological scale. There were taxa-specific 
interactions between warming and the addition of fish in mesocosms, indicating that fish and 
fishless systems may not respond similarly to warming. Changes in the phenological timing of 
some zooplankton taxa was apparent, with earlier/shorter blooms of daphnia and calanoid 
copepods in lakes. There were not changes in the abundance of larval gizzard shad or larval 
Lepomis spp., but there were species-specific adaptive responses. Larval gizzard shad matched 
phenological shifts in daphnia but larval Lepomis showed evidence of delayed spawning, which 
may affect both predators who feed on bluegill young of year and populations of their common 
prey source. In mesocosms, fish did not grow faster during the summer period but were 
estimated to consume more, indicating that more prey biomass would be required to sustain the 
same amount of fish. Overall, benthic invertebrates were resilient to warming in mesocosms, but 
showed strong shifts due to the presence of fish. Therefore, any changes in fish communities due 
to warming, such as changes in population structure and feeding regimes, may be expected to 
indirectly alter benthic invertebrate communities.  
Due to the difficulty of establishing long-term heating studies on whole lake systems, 
there is little empirical evidence addressing the potential changes in life history strategies of fish 
in situ in response to future climate warming trends. Here, I study early growth rates, size-at-
maturation, maximum adult size, and lifespan of bluegill populations in heated lakes compare 
those populations to populations in three nearby ambient lakes. I find evidence that life history 
strategies and population demographics are substantially affected by warmer environments. 
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Heated populations exhibited faster first-year growth, shorter lifespans, smaller size-at-
maturation, and smaller maximum adult sizes. Changes in life history strategies, including 
lifespan and maximum sizes, will be evident across many fish species under warmer conditions 
in the future. 
Given changes in the temperature regimes and ecological conditions in heated lakes, it 
may be expected that fish exhibit altered behaviors and physiological processes. I compared 
behavioral responses of juvenile largemouth bass collected from the three ambient and three 
power plant cooling lakes to both a potential predator and prey resource. I found that there was 
high intra-lake variability of bold and aggressive behaviors and of locomotor activity, which may 
indicate population-specific responses to stressors other than warming, but these differences did 
not correlate to warming. However, explorative behaviors differed consistently in heated lakes 
which I attribute to changes in food source. The findings of this work identify that large 
ecological changes associated with warming environments, such as food availability, may drive 
changes in some aspects of behavioral expression in largemouth bass but that other aspects of 
behavioral expression may remain driven by lake-specific factors not related to warming.  
Lastly, I investigated the physiological burden that above-optimum temperatures place on 
fish populations. I investigated metabolism, growth, and thermal tolerance of largemouth bass 
populations inhabiting heated lakes and compare these traits to populations from ambient lakes. 
Largemouth bass from ambient and heated groups were spawned in an ambient, common garden 
pond environment, then acclimated to either a normal summertime temperature (24 °C) or a 
supra-optimum temperature (30 °C). Relative to ambient populations, fish from heated 
populations had significant reductions in the resting metabolic rate at both temperatures and 
markedly increased growth rates at 30 °C. By comparing pond-raised fish to fish removed 
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directly from heated lakes, I show that developmental plasticity played little role in establishing 
the metabolic rate. A lower resting metabolic rate contributed to an increase in the conversion 
efficiency of food to biomass of largemouth bass from heated lakes, regardless of temperature. 
Despite inhabiting heated lakes for many decades, neither critical thermal maximum nor 
minimum were altered in heated populations when raised in a common garden environment. 
These results suggest that largemouth bass can lessen sub-lethal effects of environmental 
warming by altering physiological processes that preserve aerobic scope and that these changes 
are generationally transient, but that changes in maximum thermal tolerance in response to 
warming is limited to phenotypic plasticity. 
Overall, I found that power plant cooling lakes are viable study systems to use as proxies 
for climate change. These lakes exhibit many overarching patterns of change that are expected 
with climate change, such as reduced zooplankton abundance and altered timing of fish 
spawning, but not all. Differences may be due to the spatial, temporal, and ecological scale 
limitations of previous studies, or due to the underrepresentation of similar turbid, intra-
continental, warm-water systems in previous studies regarding freshwater lake ecosystems and 
climate warming. Warming was related to evident changes in life history traits of bluegill with 
little intra-lake variability, and in exploratory behaviors, but there remains considerable intra-
lake variability in other behaviors. Further, fishes such as largemouth bass have the capacity to 
cope with warming through physiological regulation via epigenetic or genetic mechanisms, but, 
even after decades of warming, are not able to adapt higher thermal tolerances. While 
physiological changes may benefit individuals in warmer environments, they may also have 
trade-offs that have yet to be quantified. 
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INTRODUCTION 
 
Temperature is a predominant abiotic factor for ectothermic organisms in aquatic 
environments and is expected to rise as much as 4 – 6 °C by 2100 (IPCC 2016; RCP8.5). 
Anthropogenic warming threatens to alter or disrupt essential freshwater ecosystem processes 
(e.g. Halpin 1997; Schindler 1997) through direct temperature-dependent mechanisms such as 
increased nutrient release (Kamp-Nielsen 1975; Jensen and Andersen 1992), increased 
photosynthesis and respiration rates (e.g. Robarts and Zohary 1987; Morin et al. 1999), and 
interspecific and trophic interactions (Harrington et al. 1999; Traill et al. 2010; O’Connor et al. 
2011) as well as changes in phenological timing (Parmesan 2006). As average global 
temperatures rise due to anthropogenic climate change (IPCC 2014), understanding the impact of 
rising temperatures on biological interactions, life history, and population-level success is a 
pressing concern (Stenseth and Mysterud 2002; Winkler et al. 2002). 
Warming alters oxygen availability, nutrient availability, and hypolimnetic properties of 
lakes. Warming stabilizes prolonged thermal stratification in lakes, which can contribute to 
anoxic conditions and higher internal phosphorous loading. Dissolved oxygen content has been 
shown to play critical roles in shaping temperature effects in experimentally controlled aquatic 
systems (Moran et al. 2010). Though effects of rising temperatures on phytoplankton are 
expected to be positive, ecosystem respiration increases with temperature faster than autotrophic 
respiration, which may lead to declining oxygen availability (Yvon-Durocher et al. 2010). DO 
saturation points inherently decline with temperature, so warming coupled with high nutrient 
loading has been shown to lead to transient anoxic conditions and fish kills (Moran et al. 2010). 
Coupled with faster, more pronounced stratification (Hondzo and Stefan 1993; Jöhnk et al. 
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2007), this may further limit habitat use and water column space and the success of fishes 
(Breitburg 1994). 
Changes in nutrient concentrations may alter productivity. Increased water temperatures 
can accelerate the release of phosphorous from the sediment and diffusion across the water-
sediment interface, increasing phosphorous loading in the pelagic zone (Jensen and Andersen 
1992; Sondergaard et al. 2005). Warming has been shown to increase pelagic algal productivity 
relative to benthic algae (Smol et al. 2005; Thies et al. 2012). Enhanced pelagic productivity is 
correlated with lower water clarity (Liboriussen and Jeppesen 2003). Temperature may also 
affect biotic interactions seasonally. Heat waves can promote harmful algal blooms that represent 
serious health threats for both aquatic organisms and humans (Jöhnk et al. 2007; Huber et al. 
2012). However, decreased ice cover during winter months can allow continued interaction 
between phytoplankton, zooplankton, and planktivorous fishes throughout the winter period 
(Jackson et al. 2007; Sorenson 2011). Higher winter survival of zooplankton can suppress spring 
phytoplankton blooms (Gaedke et al. 2010), but higher survival of planktivorous fishes may 
exacerbate them (Jeppesen et al. 2004; Jackson et al. 2007). Further seasonal effects may be seen 
as spring phytoplankton blooms are accelerated, though this effect is inconsistent even in 
controlled heated mesocosm studies (Feutchmayr et al. 2009; Lassen et al. 2010; Gaedke et al. 
2010; Jeppesen et al. 2010b). Top-down pressures are expected to increase in warmer conditions, 
but are dependent on food chain length (Kratina et al. 2012) and therefore may vary between 
systems and experiments. 
Shifts in zooplankton communities and/or phenological timing are well documented 
across studies in both natural systems (Gyllström et al. 2005; Brucet et al. 2010; Mulhollem et al. 
2016) and controlled heating experiments (Strecker et al. 2004; Feuchtmayr et al. 2010; Sǒrf et 
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al. 2015). Smaller individuals are favored in warmer environments (Daufresne et al. 2009), so 
species compositions may shift toward smaller taxa such as rotifers. These effects on body size 
across community composition may be compounded by size-selective feeding by planktivorous 
fishes if these fishes experience higher overwinter survival (Jeppesen et al. 2010a; Jeppesen et al. 
2014). A decrease in fish fitness and biomass is generally limited to findings in controlled 
heating experiments (Moran et al. 2010; Hopkins et al. 2011) whereas natural systems more 
commonly see shifts in community compositions and size spectra rather than declines in biomass 
(Daufresne and Boet 2007; Jeppesen et al. 2012a; Hayden et al. 2017).  
Life history traits of ectotherms are strongly dependent on environmental temperatures 
(Orcutt and Porter 1983; Atkinson and Sibly 1997). Changes in environmental temperatures 
affect growth rate, body size, and maturation through several mechanisms (Gardner et al. 2011). 
Thermal inhibition of reproduction, mediated through the endocrine system, occurs across a 
range of fishes (Pankhurst and Munday 2011). Even under adequate feeding conditions, egg 
development in adults can be poor at supra-optimal temperatures (Donelson et al. 2010). 
Extreme temperatures can reduce energy availability for growth and reproduction by increasing 
metabolic costs as well as time dedicated to behavioral thermoregulation, therefore limiting other 
activities such as foraging and reproduction (Gillooly et al. 2001; Kearney et al. 2009; Keefer et 
al. 2009). Further, the fecundity advantage that is typically gained when delaying maturation 
until a larger body size diminishes with increasing temperature, indicating that biophysical 
processes in warmer conditions may favor individuals that remain small and mature early 
(Berrigan and Charnov 1994; Atkinson 1994; Arendt 2011). 
Body size is an important ecological factor and is associated with differences in foraging 
efficiency (Mittelbach 1981), behavior (Niemelä et al. 2013), diet (Nannini et al. 2012), 
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competitive interactions (Rowland 1989), fecundity (Honek et al. 1993), and predator-prey 
interactions (Werner and Anholt 1996). Yet, increased temperature releases temperature-
dependent reaction rates and is therefore generally associated with faster growth and 
development (Kingsolver and Huey 2008). The temperature-mediated increase in growth and 
development rate has been shown to lead to earlier maturation and smaller sizes at maturation 
across many ectotherms, including zooplankton (Orcutt and Porter 1983), fish (Pepin et al. 
1991), and marine invertebrates (Annala et al. 1980; Hiwatari and Kajihara 1987). Though 
individuals in stunted populations can reach maturation more quickly, small sizes are linked to 
lower fecundity (Honek 1993; Fleming 1996) and increased susceptibility to predators (Paine 
1976). Further, temperature has been shown to negatively correlate with lifespan within a wide 
range of ectothermic species (Munch and Salinas 2009). Though the mechanisms that link higher 
temperatures with shorter lifespans are still unclear (Flouris and Piantoni 2015), rising 
temperatures lead to a faster pace-of-life (Biro and Stamps 2010; Goulet et al. 2017b), resulting 
in higher cellular metabolism and energy expenditure, which has been associated with early 
senescence (Hsu and Chiu 2009). Indirect effects of warming, such as changes in food 
availability, may interact with direct temperature constraints and further affect life history traits 
(Buse et al. 2002; McLeod et al. 2013). 
Behavioral expressions change with temperature by both direct and indirect mechanisms. 
Directly, increasing temperatures have been associated with increasingly active, aggressive, bold, 
and exploratory lifestyles. This is suggested to be due to the strong relationship between 
environmental temperature and metabolic rate (Clarke and Fraser 2004), and between metabolic 
rate and POLS (Biro and Stamps 2010; Goulet et al. 2017b). However, as temperatures increase 
to above-optimal temperatures, positive benefits of these lifestyles may diminish. Such effects 
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have been shown in the aggressive behavioral morph of the colonial spider Anelosimus studiosus. 
Spiders predisposed to being active and aggressive showed declining survival and reproductive 
success relative to the docile behavioral morph when temperatures exceeded that of their natural 
range (Goulet et al. 2016). Though the mechanism is not clear, decreased survival and 
reproduction could be a result of unfavorably high behavioral activity that would decrease 
fitness, or an interaction with metabolic limitations such as high activity despite a declining 
aerobic scope (Kitchell 1977; Portner 2001). Both foraging and dispersion are related to 
increased activity level and exploration behaviors (Fraser et al. 2001; Biro and Stamps 2010). 
Thus, anthropogenic warming may impact behaviors indirectly through zooplankton community 
changes as well as through direct temperature interactions like POLS. 
While changes in nutrients and water chemistry can cause shifts in trophic states, 
physiological limitations to life at extreme temperatures can also have deleterious effects on 
aquatic organisms that alter ecosystem structures. Extreme temperatures may reduce success of 
some organisms through maximum thermal tolerances (Portner and Knust 2007), limited 
reproductive output (Pankhurst and Munday 2011), or physiological limitations (Portner 2001; 
Eliason et al. 2011). The energetic investment in reproduction also generally declines with 
warmer temperatures (Pankhurst and Munday 2011) and has been linked to increased basal 
metabolic costs during winter periods when gonads are developing but food is low (Sinclair 
2015; Wright et al. 2017). Warmer spring and fall temperatures may allow individuals a faster 
pace-of-life due to higher metabolic rates (Biro and Stamps 2010), but peak temperatures 
exceeding the natural range may drive basal metabolic costs unfavorably high, limiting the 
growth and reproductive success (Portner 2001). And in observance with the metabolic theory of 
ecology (Brown et al. 2004), effects of scale make large-bodied plankton less efficient than 
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smaller-bodied plankton, potentially altering community compositions (Daufresne et al. 2009; 
Yvon-Durocher et al. 2010; Sommer et al. 2015). 
 
Ecosystem complexity, methodological limitations, and the need for studies in situ 
Although there are some coherent fingerprints to climatic warming (Parmesan and Yohe 
2003; Adrian et al. 2009), a complex array of direct and indirect interactions (Shurin et al. 2012) 
make ecosystem responses to warming conditions variable between systems and difficult to 
predict (Adrian et al. 2006). For instance, phytoplankton and zooplankton can rapidly adapt to 
warming conditions (Van Doorslaer et al. 2007; Yampolsky et al. 2013; Geerts et al. 2015; 
Padfield et al. 2015) and fishes have been observed to adapt phenological timing events and 
higher thermal tolerances, yet not all populations or species have been observed to adapt 
similarly (Meffe et al. 2005; Asch 2015; Lyons et al. 2015; Mulhollem et al. 2015). Variability in 
phenological responses may result in species-specific changes in spawn timing of fishes under 
warming conditions and cause mismatches in spring timing events between larval fishes, their 
prey, and organisms that predate on them. Differences in benthic invertebrate community 
responses may also be a result of experimental systems and climate. For instance, in simplified 
communities only gastropods were impacted by warming (Feuchtmayr et al. 2007), yet in 
thermal effluent in riverine, lacustrine, and marine environments the benthic community changed 
in response to temperature influence (Oden 1979; Schiel et al. 2004; Philips et al. 2015; 
Worthington et al. 2015). However, changes appear to be an indirect response, as temperature 
creates shifts in plant-forming habitat (Schiel et al. 2004), explaining why benthic invertebrate 
communities in overly simplified mesocosm studies with limited habitat variability and spatial 
scale show little response to warming (Feuchtmayr et al. 2007). Because of fundamental 
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differences in littoral habitat between cool-water systems and temperate intercontinental lakes, 
warming may affect benthic communities differently. Further, top-down pressures are dependent 
on food chain length, so systems with and without fish may respond differently (Hansson et al. 
2013). Ecosystem complexity as well as the variability between ecosystems introduce great 
uncertainty towards understanding species-specific responses to climate change (Walther et al. 
2002). 
A variety of experimental methodologies has been employed to investigate complex 
responses to warming (Jeppesen et al. 2014). Studies of natural systems account for ecological 
complexities yet are confounded with environmental factors such as altitude, photoperiod, or 
biological communities (e.g. space-for-time substitution) or have only observed warming over a 
limited effect size, typically < +2 °C over 60 years (e.g. historical time series; Martins et al. 
2010). Experimental model simulations can be informative but are often based on simplistic 
interactions. Controlled heating experiments allow control for environmental factors, cover a 
range of effect sizes, and may represent natural complexities, but they can have limited trophic 
complexity and habitat variability due to system size constraints. However, controlled heating 
experiments including fish are predominantly in cold-water systems using sticklebacks 
(Gasterosteus aculeatus) as the top trophic predator (McKee et al. 2003; Moss et al. 2003; 
Moran et al. 2010) making results limited to a narrow range of systems (Jeppesen et al. 2014). 
While cold-water fish may be negatively affected by warming (Keller and Klein-MacPhee 2000; 
Moran et al. 2010), warm-water species may be positively affected by warming (He et al. 2018), 
so findings from previous research cannot be expected to represent all systems.  
Another limitation of controlled experiments is the lack of consideration of evolutionary 
processes that can occur in the limited experimental timeframes. Previous controlled heating 
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experiments have utilized invertebrate populations from surrounding ambient environments that 
have not experienced elevated temperatures, even though populations can exhibit adaptive 
changes in response to prolonged warming (Hoffmann and Sgrò 2011). For example, 
phytoplankton can adaptively change temperature-limited physiological processes in order to 
enhance success at otherwise detrimentally warm temperatures (Padfield et al. 2015). 
Zooplankton such as Simocephalus vetulus and Daphnia magna can also rapidly adapt higher 
thermal tolerance, with evolutionary responses observed within several years of temperature 
selection (Van Doorslaer et al. 2007; Yampolsky et al. 2013; Geerts et al. 2015). Not all 
organisms have the capacity to change, however, as the capacity to and rate of change may be 
depedent on genetic underpinnings, life histories, and habitat (Kassen et al. 2002; Somero 2010; 
Hoffmann and Sgrò 2011). Previous controlled mesocosm experiments are generally too short to 
encompass these responses, and even those that are long enough only observe these changes after 
years (e.g. Schaum et al. 2017). Biotic changes through time are an important consideration as 
adaptive effects can either alleviate (Fernandes et al. 2013) or exacerbate (Post and Palkovacs 
2009) trophic interactions. 
Some previous studies utilize heated systems but these studies generally lack statistical 
power or appropriate control systems. Particularly relevant studies seperately investigated the 
initial impact of heated effluent on a wide range of ecological conditions in Par Pond, SC, USA 
and Lake Sangchris, IL, USA following the onset of heating (e.g. Clugston 1973; Holland 1974; 
Esch et al. 1976; Krska and Applegate 1984), but at the time of the studies little consideration 
was given to the concept of climate change and little work has been done to follow-up these 
studies, so changes through time are undocumented. 
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More recently, it has been observed that heated effluent influences a range of biological 
factors, from zooplankton communities and phenological timing to fish growth, and that 
populations of bluegill (Lepomis macrochirus) and pumpkinseed (Lepomis gibbosus) sunfish 
inhabiting heated lakes exhibit life history changes expected with warming (e.g. Demski et al. 
2006; Martinez et al. 2016; Mulhollem et al. 2016). However, given limited sample size of lakes, 
it is unclear if previous findings regarding temperature effects on ecological conditions and fish 
life histories of sunfishes occurs across populations or if such findings are an aberration of a 
limited sample size and are instead attributable to some other factor(s) that cause stunted 
populations (Aday et al. 2006). 
The unpredictability of complex trophic interactions in aquatic communities warrants 
further study of the effect of warming on aquatic systems (Roessig et al 2004; Crozier and 
Hutchings 2014), particularly in natural systems where complex, multi-trophic interactions 
within ecological communities are integrated into consistent ecological responses. Further, 
coupling research in heated lakes with controlled, heated mesocosms will allow integration of 
concepts that overcome limitations of both systems, such as limited sample size and limited 
habitat complexity, respectively. More work needs to address whether warm-water systems in 
intercontinental climates respond similarly to maritime, cool- and cold-water systems and 
whether all warm-water fish taxa benefit from environmental warming. To achieve a more 
accurate understanding of the consequences of future climate changes, research needs to 
incorporate potential adaptation into methodologies, especially controlled heating experiments. 
A better understanding of changes in the life history strategies of natural populations in 
situ in response to both direct and indirect effects of environmental warming can help my 
understanding of population dynamics and ecological interactions under new climatic conditions. 
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I argue that it is important to understand how a myriad of changing abiotic and biotic factors 
associated with anthropogenic warming, such as temperature and community composition, may 
shape behavioral ecology (e.g. Goulet et al. 2016). There are still few works that address 
behavioral success in a natural setting (Mittelbach et al. 2014) and this is especially true within 
the context of anthropogenic warming. Likewise, phenotypic responses of physiological 
mechanisms to increased temperature are well studied in laboratory settings, but far less is 
known regarding generational responses to prolonged warming conditions reflective of climate 
change. These changes have been shown in some fishes and point to important implications on 
physiological performance under warmer environmental conditions (Meffe et al. 1995; Kovach 
et al. 2012; Mulhollem et al. 2015; Sandblom et al. 2016). 
 
Objective and study systems 
My objective was to characterize changes in aquatic communities and fishes to 
persistently warmer temperatures (i.e. after decades of heating) to aid our understanding of 
ecosystem responses to climate change. To address changes in water quality, primary producers, 
and invertebrate communities, I quantified differences in abiotic and biotic variables between 
ambient and heated lakes. To ensure differences observed in lakes were appropriately associated 
with temperature, I also quantified these variables in a more controlled mesocosm design with 
higher replication. To understand if ecological changes brought about by increased temperature 
may affect ecologically important centrarchids, I assessed the population structure and life 
history of bluegill sunfish in ambient and heated lakes. Because the success of behaviors 
associated with foraging and predation risk depend on both temperature and ecological context, 
which are both changed in heated lakes, I considered whether fishes inhabiting heated lakes 
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exhibited altered behaviors. Finally, to address physiological constraints observed on largemouth 
bass in above-ambient temperature regimes, I quantified metabolic processes associated with 
energetic demands and determined if they may be adaptive in populations that have been 
exposed to warmer environments for decades.  
I focused investigations into the effects of temperature on life history, behavior, and 
physiology within the ecologically and recreationally important species, bluegill sunfish 
(Lepomis macrochirus) and largemouth bass (Micropterus salmoides). Bluegill sunfish are an 
important component of freshwater ecosystems and directly impact benthic and pelagic 
invertebrate communities (Hambright et al. 1986; Maezono and Miyashita 2003). Temperature 
was shown to be the most important of several environmental factors in natural lakes for 
enhancing juvenile growth rate in bluegill sunfish (Lepomis macrochirus) populations across 
Illinois (Hoxmeier et al. 2009) but growth is negatively affected at temperatures beyond their 
natural range (Beitinger and Magnuson 1979). Bluegill are size selective predators with optimal 
foraging rates based on their own body size and gape width (Werner and Hall 1974).  
Largemouth bass are common predators found in warm-water North American freshwater 
ecosystems, with a native range from northern Mexico to southern Canada and have been 
introduced in a wide variety of habitats globally (Page and Burr 2011; Fuller and Nielson 2018). 
Largemouth bass feeding ecology has been described and would likely be influenced by 
predicted changes in heated lakes, as bass are dependent on zooplankton at an early post-larval 
stage, though they switch to piscivory around 50 mm (Olson 1996). Largemouth bass and 
bluegill sunfish have a well-studied predator-prey relationship (Hambright et al. 1986; 
Gabelhouse 1987). Juvenile largemouth bass exploit larval bluegill as a critical prey source 
(Garvey and Stein 1997) while large adult bluegill escape predation vulnerability by largemouth 
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bass by exceeding gape limitation (Hoyle and Keast 1987; Guy and Willis 1990). Therefore, 
changes in bluegill spawn timing and size structure may have important implications for 
freshwater communities. 
Largemouth bass are an ideal model organism for studying behavioral changes in an 
ectotherm in response to increased temperature regimes because they are common to inland 
waters and behavioral types and syndromes are well described (Fleming and Johansen 1984; 
Nannini et al. 2012; Ballew et al. 2017). Further, the physiological responses of largemouth bass 
to temperature are well understood (Niimi and Beamish 1974; Rice et al. 1983). Summertime 
temperature regimes in heated lakes bring largemouth bass into a temperature range of declining 
aerobic scope for a substantial period during the summer (Rice et al. 1983), so largemouth bass 
likely must present some thermal coping mechanisms, whether behavioral (Block et al. 1984) or 
physiological (Smith et al. 1983). 
My research focuses on investigations of aquatic communities in three power plant 
cooling lakes (‘heated’ lakes) within central Illinois: Clinton Lake (DeWitt Co., IL), Lake 
Coffeen (Montgomery Co., IL), and Newton Lake (Jasper Co., IL). Power plant cooling lakes are 
actively heated when water is withdrawn from the lake by nearby power plants and used to cool 
steam through counter-current exchange (i.e. lake water is held within a closed system and 
uncontaminated) before being returned to the lake. Heated lakes in this study have been shown to 
be 5 – 7 °C above ambient lake temperatures, in line with changes predicted by future climate 
models (IPCC 2016). Coal-fired power plants have been in operation at Coffeen Lake since 1965 
and Newton Lake since 1977, and a nuclear power plant has been in operation at Clinton Lake 
since 1987. Heated lakes vary in size from 120 – 1983 ha. For statistical comparisons, I sampled 
variables within or used populations from three nearby ambient lakes: Lake Shelbyville (Shelby 
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Co., IL), Lake Mattoon (Shelby Co., IL), and Forbes Lake (Marion Co., IL). Ambient lakes were 
chosen within a 7700-km2 area to best match this lake size range (226 – 4492 ha). Uniquely, this 
study system allows the effect of heating to be isolated from the other myriad of changing 
variables such as urbanization and run-off, contamination, and increased nutrient load. 
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CHAPTER 1: ECOLOGICAL DIFFERENCES BETWEEN HEATED AND 
AMBIENT LAKES AND THE IMPLICATIONS FOR FUTURE CLIMATE WARMING 
 
Abstract 
Studies have examined the effects of future climate change on freshwater ecosystems 
using a variety of experimental methodologies that are often limited in spatial or temporal scale. 
Previous findings support a multitude of direct and indirect factors that can shape biotic 
communities but these likely interact in complex ways that are not easily predictable except at 
the ecosystem scale. There remains a need for manipulative experiments that observe the effect 
of increased temperatures in lake systems in situ. I compared power plant cooling lakes within 
central Illinois, USA to nearby ambient lakes to assess the effects of warming on lake 
ecosystems as a proxy for future climatic warming. Power plant cooling lakes are heated through 
thermal effluent and have remained at elevated temperatures for three to five decades. I collected 
data on various abiotic and biotic variables from three heated lakes for four years and compared 
them to three surrounding ambient lakes during the same period. During this time, mean monthly 
temperature differences between heated lakes and ambient lakes range from 3.4 – 7.2 °C, within 
the range predicted by climate change models. Phosphorous and dissolved oxygen concentration 
in heated lakes did not follow the typical yearly cycles in ambient lakes, with altered seasonal 
concentrations. Turbidity, as measured by Secchi depth, and phytoplankton concentrations were 
unaffected in heated lakes, despite evidence in other systems that these variables would increase. 
Heated lakes exhibited reduced densities of the most abundant zooplankton species, and effects 
were particularly dramatic in copepods, their larval stage (nauplii), and daphnia. Smaller-bodied 
bosmina and rotifera were not as strongly affected. Not all zooplankton taxa exhibited 
15 
 
 
phenological shifts in heated lakes. Daphnia exhibited earlier bloom timing and calanoid 
copepods were more dramatically reduced by midsummer temperatures relative to populations in 
ambient lakes. Densities of larval gizzard shad had a phenological shift towards earlier hatch 
dates but larval Lepomis spp. did not differ between ambient and heated lakes in any months, 
though they exhibited high inter-lake variability. Many variables in heated lakes reflect 
expectations of climatic warming, though not all. Diminished secondary producers, strong effects 
on large taxa relative to smaller competitors are in congruence with expectations. Changes in 
phenological timing of zooplankton and some, but not all, fish species were not easily predicted. 
These findings confirm that the integration of direct and indirect effects across entire systems are 
complex and that the effects of warming on aquatic ecosystems are not always predictable from 
small scale studies. 
 
Introduction 
Temperature is a predominant abiotic factor for ectothermic organisms in aquatic 
environments and is expected to rise as much as 4 – 6 °C by 2100 (IPCC 2016; RCP8.5). Due to 
the potential for systemic consequences (Lynch et al. 2016, Hayden et al. 2017), a thorough 
understanding of temperature effects will contribute to my ability to alleviate negative changes 
through proper management. A variety of experimental methodologies including space-for-time 
substitutions, controlled heated mesocosms, and mathematical modeling have been employed to 
understand the effects of temperature and other anthropogenic changes on aquatic systems 
(reviewed by Jeppesen 2014), though direct characterizations of effects of climate change in 
whole ecosystems are relatively rare (Lynch et al. 2016). While there are some coherent 
fingerprints to climatic warming (Parmesan and Yohe 2003; Adrian et al. 2009), a complex array 
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of direct and indirect interactions (Shurin et al. 2012) make ecosystem responses to warming 
conditions difficult to predict (Adrian et al. 2006). This unpredictability argues for further study 
of the effect of warming on aquatic systems, particularly in natural systems where complex, 
multi-trophic interactions within ecological communities are integrated. 
 Warming conditions can affect aquatic communities through a variety of mechanisms. 
Increased water temperatures can accelerate the release of phosphorous from the sediment and 
diffusion across the water-sediment interface, increasing phosphorous loading in the pelagic zone 
(Andersen and Jensen 1992; Sondergaard et al. 2005). Changes in nutrient concentrations may 
alter primary productivity, with warming shown to increase pelagic algal productivity relative to 
benthic algae (Smol et al. 2005; Thies et al. 2012). Enhanced pelagic productivity is correlated 
with lower water clarity (Liboriussen and Jeppesen 2003); however, increased phytoplankton 
productivity may be associated with increased grazing by herbivorous zooplankton, resulting in 
no net change in pelagic algae (Gaedke et al. 2010). Yet, planktivorous fishes release 
phytoplankton from grazing pressure (Liboriussen and Jeppesen 2003; He et al. 2018) and 
planktivorous fishes are predicted to do well under warmer conditions (Jeppesen et al. 2014; He 
et al. 2018). Top-down effects such as planktivore suppression of zooplankton abundance are 
dependent on the length of the food chain (Kratina et al. 2012) and therefore may vary between 
systems and experiments. 
Temperature may also affect seasonal biotic interactions. Heat waves can promote 
harmful algal blooms that pose serious health threats for both aquatic organisms and humans 
(Jöhnk et al. 2007; Huber et al. 2012). Warmer temperatures stabilize thermal stratification of the 
hyperlimnion, allowing thermoclines to persist over longer periods of the year (Jeppesen et al. 
2014), which alters the availability of habitat and thermal refuge. Decreased ice cover during 
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winter months can allow continued interaction between phytoplankton, zooplankton, and 
planktivorous fishes throughout the winter period (Jackson et al. 2007; Sorenson 2011). Higher 
winter survival of zooplankton can suppress spring phytoplankton blooms (Gaedke et al. 2010), 
but higher survival of planktivorous fishes may exacerbate them (Jeppesen et al. 2004; Jackson 
et al. 2007). Further seasonal effects may be observed as spring phytoplankton blooms are 
accelerated, though this effect is inconsistent even in controlled heated mesocosm studies 
(Feuchtmayr et al. 2009; Lassen et al. 2010; Gaedke et al. 2010; Jeppesen et al. 2010b). 
Dissolved oxygen content has been shown to play critical roles in shaping temperature 
effects in experimentally controlled aquatic systems (Moran et al. 2010). Though effects of rising 
temperatures on phytoplankton are expected to be positive, ecosystem respiration increases with 
temperature faster than autotrophic respiration (Yvon-Durocher et al. 2010). DO saturation 
inherently declines with temperature, so warming coupled with high nutrient loading has been 
shown to lead to transient anoxic conditions (Moran et al. 2010). Transient anoxic conditions in 
combination with faster, more pronounced stratification (Hondzo and Stefan 1993; Jöhnk et al. 
2007) may further limit habitat use and water column space and the success of fishes (Breitburg 
1994). 
Although changes in nutrients and water chemistry can cause shifts in trophic states, 
physiological limitations to life at extreme temperatures can also have deleterious effects on 
aquatic organisms that alter ecosystem structures. Extreme temperatures may reduce success of 
some organisms through maximum thermal tolerances (Portner and Knust 2007), limited 
reproductive output (Pankhurst and Munday 2011), or physiological constraints (Portner 2001; 
Eliason et al. 2011). The energetic investment in reproduction also generally declines with 
warmer temperatures (Pankhurst and Munday 2011), potentially altering larval fish abundances 
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which are an important food for piscivores. Warmer spring and fall temperatures may allow 
individuals a faster pace-of-life due to higher metabolic rates (Biro and Stamps 2010), but peak 
temperatures exceeding the natural range may drive basal metabolic costs unfavorably high, 
limiting growth and reproductive success (Portner 2001). And in observance with the metabolic 
theory of ecology (Brown et al. 2004), effects of scale make large-bodied plankton less efficient 
than smaller-bodied plankton, potentially altering community compositions (Daufresne et al. 
2009; Yvon-Durocher et al. 2010; Sommer et al. 2015). These effects on community 
composition may be compounded by size-selective feeding by planktivorous fishes if these fishes 
experience higher overwinter survival (Jeppesen et al. 2010a; Jeppesen et al. 2014). 
For fishes, timing of the larval hatch with zooplankton blooms is critical for larval fish 
success and recruitment (Cushing 1990; Regnier et al. 2017). If phenological timing of spring 
phytoplankton and zooplankton blooms is earlier, it may be advantageous for fishes to accelerate 
spring spawning. For example, spring reproductive events have been observed to occur earlier in 
response to long-term environmental warming in American shad (Alosa sapidissima), sockeye 
salmon (Oncorhyncus nerka), walleye (Salmo vitreus), and yellow perch (Perca flavescens), 
among others (Quinn and Adams 1996; Scheider et al. 2010; Lyons et al. 2015). However, not all 
populations or species have been observed to respond similarly (Asch 2015; Lyons et al. 2015). 
Many fishes have shown earlier spawning but there may be opposing mechanisms on fish 
spawning in warmer systems that cause disparate spawning responses. Increased overwinter 
temperatures increase the metabolic maintenance requirements (Gillooly et al. 2001) at a time 
when food is generally limited. Increased overwinter energetic costs can have direct and indirect 
performance effects on ectotherms (Sinclair 2015). In a fish that cannot increase its overwinter 
food intake, increased basal metabolism has been shown to retard gonad development overwinter 
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and delay spring spawning in order to maintain overwinter somatic weight (Wright et al. 2017). 
Such effects may result in species-specific changes in spawn timing of fishes under warming 
conditions and cause mismatches in spring timing events between larval fishes, their prey, and 
organisms that predate on them. 
Such complex trophic interactions warrant further study of outcomes of warming effects 
in natural systems (Roessig et al 2004; Crozier and Hutchings 2014). My objective was to 
characterize abiotic and biotic factors that can be expected to change when lakes experience 
persistently warmer temperatures (i.e. after decades of heating). To address this objective, I 
compared abiotic and biotic variables in three power plant cooling lakes within central Illinois to 
variables in three ambient lakes nearby. Power plant cooling lakes (‘heated’ lakes) are actively 
heated when water is withdrawn from the lake by nearby power plants and used to cool steam 
through counter-current exchange (i.e. lake water is held within a closed system and 
uncontaminated) before being returned to the lake. Heated lakes in this study have been shown to 
be 5 – 7 °C above ambient lake temperatures, in line with changes predicted by future climate 
models (IPCC 2016). Anthropogenic climate change is also associated with a myriad of changing 
variables such as run-off, contamination, and increased nutrient load, but here I attempt to 
understand the effect of temperature alone.  
 
Methods 
We compared abiotic and biotic variables of three ambient lakes within central Illinois 
(Lake Mattoon, Shelby Co., Forbes Lake, Marion Co., and Lake Shelbyville, Shelby Co.) to 
three heated lakes within a 7700-km2 area (Clinton Lake, DeWitt Co., Lake Coffeen, 
Montgomery Co., and Newton Lake, Jasper Co.). Coal-fired power plants have been in operation 
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at Coffeen Lake since 1965, Newton Lake since 1977, and a nuclear power plant has been in 
operation at Clinton Lake since 1987. Heated lakes vary is size from 120 – 1983 ha. Ambient 
lakes were chosen to best match this size range (226 – 4492 ha; Table 1.1). 
All sampling for the study were conducted either every other week or monthly from May 
2013 through April 2017. Data were collected across all lakes as closely in days as possible at 
fixed intervals and sites. Fixed sites were chosen haphazardly but evenly dispersed around lakes 
to account for spatial heterogeneity. Temperature, Secchi depth, and DO were sampled every 
other week at four offshore sites. Temperature and DO were taken vertically across the water 
column at 1-m increments. Water samples for total phosphorous (TP) and chlorophyll a (Chl a) 
concentrations were taken every other week at the same four sites, ensuring water was collected 
evenly across the water column above the thermocline using an integrated water sampler 
(Welschmeyer and Naughton 1994). Zooplankton communities were sampled once monthly 
using a Wisconson zooplankton net (50 cm diameter, 64 μm mesh) pulled vertically through the 
water column at these four sites, as well as closer to shore at 1-m depths (Murphy and Willis 
1996; Detmer et al. 2019). Zooplankton samples were immediately preserved in Lugol’s solution 
until they could be analyzed in the laboratory. Zooplankton were identified to family and 
enumerated to acquire densities. Calanoid, cyclopoid, nauplii, daphnia, bosmina, and rotifers 
were the most commonly encountered groups and accounted for 99.5% of the total zooplankton 
found and I limited my analysis to these most abundant groups. 
Benthic invertebrate abundances were sampled using a modified stovepipe sampler 
(Merritt et al. 1984) at six fixed sites <1 m deep across five periods each year: Jan 1st – March 
15th, March 16th – May 15th, May 16th – July 15th, July 16th – September 30th, and September 30th 
– November 31st. Macroinvertebrate samples were immediately preserved in 95% EtOH Rose-
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Bengal’s solution until they could be analyzed in the laboratory. Benthic invertebrates were 
identified to taxonomic groups (Table 1.2) and enumerated to acquire densities. Benthic 
invertebrate communities were more complex than zooplankton communities, with 14 taxa 
making up 99.5% of the total abundance, though the communities were heavily dominated by 
ostracods (40%), chironomids (33%), and nematodes (14%). The percent abundance of all other 
taxa was <5%.  
Larval fish were collected every other week from March to November in 5-minute 
transects at six fixed sites per lake using a bow-mounted push-net (0.5-m diameter, 500-μm 
mesh) equipped with a flow-meter (Claramunt et al. 2005). Larval fish were stored in 95% EtOH 
until they could be identified to genus and enumerated in the lab. Densities were estimated based 
on net size and affixed flow-meter distance values. Control lakes typically froze over and 
remained so for most of the winter, whereas heated lakes remain ice-free in most areas. In the 
event of heavy ice, sampling was done by cutting through the ice at >1-m depth near fixed sites 
and measuring temperature, Secchi depth, and DO, and collecting water chemistry and 
zooplankton samples.  
 
Data analysis 
Vertical temperature profiles were used to estimate thermocline depth using the 
rLakeAnalyzer package in R (R Core Team, 2013). Thermocline depth was taken as the mean 
estimated depth from each sampling date. The thermocline depth was assigned as the maximum 
lake depth if no thermocline was observed for a given date. Thermocline depth was then 
averaged across months within years. 
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All variables other than thermocline depth and benthic invertebrate abundances were 
estimated using linear mixed effects models. Data were transformed to achieve normally 
distributed residuals. Secchi depth, DO, and phosphorous were square-root transformed while 
daphnia, bosmina, calanoida, and cyclopoida were fourth-root transformed. Chl a were log10-
transformed, and rotifer, nauplii, and larval fish densities were log10(x+1)-transformed prior to 
analysis. In each model, variables were modeled as a function of treatment (ambient or heated), 
sampling period, the interaction between treatment and sampling period, the random effect of 
lake nested within treatment, and the random interaction between lake within treatment and 
sampling period and blocked by year. Sampling period reflects months of the year except in the 
case of larval fish abundance, where months may not be sensitive enough to determine 
differences in peak timing. In the case of larval fish abundance, the months April – Sept. were 
separated into early and late periods. To test whether within-period differences can be attributed 
to treatment effect, I used linear contrasts to determine sampling periods in which ambient lakes 
significantly differed from heated lakes. In cases where treatment by sampling period 
interactions were significant, I assessed whether there were significant phenological shifts by 
comparing monthly means within treatment types using Tukey’s HSD. 
Benthic invertebrate communities were assessed under the Vegan package in R using 
abundance data. Analyses of assemblages were performed on log(x+1) transformed Bray-Curtis 
similarity matrices. Similarity matrices were visualized through non-metric multidimensional 
scaling ordination (nMDS; Kruskal and Wish 1978) using the metaMDS() function. Ordinations 
were based on centroids calculated for each lake × period group to enhance interpretability by 
reducing the number of data points plotted. Permutational analysis of variance (PERMANOVA; 
Clarke 1993) was performed on Bray-Curtis similarity resemblance matrices under the adonis() 
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package using treatment and period as fixed factors and lake nested within treatment which was 
used as the error term to estimate the effect of treatment. 
 
Results 
Temperatures remained above-ambient year-round in heated lakes (Figure 1.1a). In most 
years, thermoclines were stable in all lakes from June – August, with thermoclines at less than 6 
meters depth (Figure 1.2). Ambient lakes showed typical declines in thermal stability of the 
hyperlimnion in the spring and fall, with mean thermocline depths reaching 2 – 4 meters depth. 
Heated lakes showed more thermal stability across years in April, but otherwise stability was 
lake and year-specific in heated systems. Across years, thermoclines in March ranged from 3 – 5 
meters depth in Coffeen and Clinton lakes to not present, while it was very consistently 4 – 5 
meters depth in Newton Lake. While Newton maintained thermal stability of the hyperlimnion 
through early fall, thermoclines were not always present in Clinton as early as August. Further, 
Coffeen was the only lake to consistently retain thermal stability of the hyperlimnion into 
October. The effects of warming on other abiotic parameters varied. Yearly mean Secchi depth 
was not different between ambient and heated lakes (F1,4 = 3.611, P = 0.130; Figure 1.3a) and 
was not significantly different during any months (all P > 0.05; January: P = 0.075 and October: 
P = 0.067). There was not a significant treatment by month interaction (F11,40 = 1.167, P = 
0.340). Yearly mean DO was not significantly different between ambient and heated lakes (F1,4 = 
2.076, P = 0.222; Figure 1.3b) but was significantly lower in heated lakes during February (F1,27 
= 4.540, P = 0.042), June (F1,21 = 6.371, P = 0.020), and July (F1,20 = 8.040, P = 0.010) and was 
significantly higher in heated lakes during November (F1,28 = 4.305, P = 0.047). The interaction 
between DO and month significantly differed between treatments (F11,43 = 3.388, P = 0.002). In 
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ambient lakes, DO reached relative peaks from January – April and was significantly higher than 
the minimum DO observed in November (Tukey’s HSD). However, in heated lakes, peak DO 
occur in March and April, which were significantly higher than the DO minima observed in June 
and July. In heated lakes, DO maxima were not reached until March rather than January or 
February as in ambient lakes, DO minima correspond to critical summertime periods and peak 
temperatures, and DO recovered from mid-summer minima quickly in the late fall instead of 
reaching yearly minima.  
In heated lakes, TP showed changes in seasonal patterns from ambient lakes whereas Chl 
a concentration did not. Yearly means of TP concentrations were not significantly different 
between ambient and heated lakes (F1,4 = 0.088, P = 0.781; Figure 1.3c) though TP was 
significantly higher during February in ambient lakes (F1,19 = 8.957, P = 0.007). Treatment by 
month interaction did not have a significant effect on TP, though the effect was close enough to 
α = 0.05 to warrant further investigation (F11,43 = 2.013, P = 0.051). Yearly patterns of TP 
availability were significantly different in heated lakes. In ambient lakes, TP in February was 
significantly different than in all other months within ambient lakes other than March and April 
(Tukey’s HSD), showing clear yearly cycles where TP builds up over winter periods and is 
diminished throughout the year. In contrast, TP during February in heated lakes did not differ 
from any other months. Thus, heated lakes do not exhibit the same yearly phosphorous cycles as 
ambient lakes. Yearly means of Chl a were not significantly different in heated lakes (F1,4 = 
2.018, P = 0.228; Figure 1.3d) and no months showed significantly different Chl a concentration 
between ambient and heated lakes (all P > 0.05; February P = 0.057). There was not a significant 
treatment by month interaction for Chl a abundance between ambient and heated lakes (F11,41 = 
1.253, P = 0.285). 
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Zooplankton were present in substantially lower densities in heated lakes than in ambient 
lakes (Figure 1.4a-f). Yearly means of cyclopoid densities were significantly lower in heated 
lakes (F1,4 = 11.226, P = 0.029). Within-month contrasts showed that cyclopoid densities were 
significantly lower in heated lakes in all months other than February, March, April and October 
(all P < 0.05). The treatment by month interaction was not significant for cyclopoid densities 
(F11,44 = 1.040, P = 0.434). Yearly mean calanoid densities were not significantly different in 
heated lakes (F1,4 = 6.410, P = 0.065) but calanoid densities were significantly lower from June – 
November (all P < 0.05). There was a significant treatment by month interaction (F11, 45 = 2.571, 
P = 0.013) and monthly phenological shifts of calanoid densities were observed in heated lakes. 
Where ambient lakes exhibited relative peak calanoid densities in June, July, October, and 
November, with minimum densities in February (Tukey’s HSD), heated lakes instead exhibited 
peak densities in May and minimum densities in August (Tukey’s HSD). Yearly means of 
nauplii densities were not significantly different between ambient and heated lakes (F1,4 = 5.715, 
P = 0.075, though nauplii densities were significantly lower in heated lakes in Jan and most 
months July – Dec, excluding Oct (all P < 0.05). There was not a significant treatment by month 
interaction (F11,44 = 1.752, P = 0.095). 
Yearly mean daphnia densities were significantly reduced in heated compared to ambient 
lakes (F1,4 = 13.248, P = 0.022). Daphnia were significantly reduced in heated lakes in months 
other than February, March, April, August, and Sept (all P < 0.05). The treatment by month 
interaction was significant (F11,46 = 2.034, P = 0.047). In ambient lakes, daphnia peaked during 
May, and peak densities were significantly different than mid-summer/early fall densities (July – 
Sept.). However, peak densities occurred earlier in heated lakes (April), though other monthly 
patterns of change remained similar between ambient and heated lakes. Bosminid densities 
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showed no significant difference in yearly means between ambient and heated lakes (F1,4 = 
0.426, P = 0.550) nor significantly different monthly patterns (F11,44 = 1.737, P = 0.096). 
Although bosminid densities in ambient and heated lakes both peaked during May, peak 
densities were significantly lower in heated lakes (F1,19 = 4.96, P = 0.038). Rotifer densities in 
heated lakes did not significantly differ by yearly means (F1,4 = 0.064, P = 0.813) or by the 
treatment by month interaction (F11,45 = 1.868, P = 0.070) and were not significantly different 
within any month (all P > 0.05). 
Benthic invertebrate communities did not differ by treatment (F1,4 = 0.684, P = 0.455) or 
the treatment by period interaction (F4,16 = 0.872, P = 0.502; data not shown). Ordination of lake 
× period averages shows that benthic communities varied by periods within each lake but were 
largely lake-specific, with no clear clustering by treatment group (Figure 1.5).  
Differences in larval fish densities between ambient and heated lakes varied by species. 
Yearly means of larval gizzard shad were not significantly different in heated lakes (F1,4 = 0.172, 
P = 0.699; Figure 1.6a) though densities were significantly lower in early June (F1,49 = 11.937, P 
= 0.001). There was not a significant treatment by time period interaction on larval gizzard shad 
densities (F14,59 = 1.458, P = 0.156). Yearly means of larval Lepomis spp. were not significantly 
different between ambient and heated lakes (F1,4 = 0.256, P = 0.640; Figure 1.6b) and linear 
contrasts showed no months in which the densities of larval Lepomis spp. differed in heated lakes 
(all P > 0.05). Despite larval Lepomis spp. exhibiting typical early peaks in ambient lakes but 
protracted spawning and later peaks in heated systems, there was not a significant treatment by 
time period interaction on larval Lepomis spp. densities (F14,55 = 1.014, P = 0.454).  
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Discussion 
We identified patterns of ecological change in freshwater aquatic lakes in response to 
persistently warmer environmental temperatures. Previous studies have attempted to address this 
question through various experimental designs (e.g. mesocosms, space-for-time substation, 
modeling), with each having its own set of limitations, such as habitat and trophic complexities, 
spatial and temporal scales, and/or ecological stability (Jeppesen et al. 2014). My use of heated 
lakes offers a replicated design where ecological complexities are maximized, temporal scales 
are reflective of predicted climate change rates, and effects were tested in situ. 
In heated lakes, I observed significant changes in many variables and timing events. I 
observed differences in thermal stratification between heated and ambient lakes, though changes 
were not similar between heated lakes. A lack of consistent changes may be a result of lake-
specific factors such as lake size and thermal effluent output rather than average water column 
temperature. For instance, Coffeen Lake, the smallest heated lake, has the greatest thermal input 
relative to its size, which may stabilize and prolong stratification into the late fall. Alternatively, 
Clinton Lake is five-fold larger than Coffeen Lake and therefore has the greatest thermal 
variability, which may contribute to thermal instability of the hyperlimnion. 
I found shifts in monthly measures of dissolved oxygen and total phosphorous, but found 
that turbidity and chlorophyll a abundance were not different in heated lakes despite general 
associations between them (Dillon and Rigler 1974; Schindler 1977; Canfield and Bachmann 
1981). There were no clear changes in phytoplankton spring bloom timing. Zooplankton 
communities were significantly different in heated lakes and reflected phenological shifts that 
varied by species. These negative effects were mostly limited to the large-bodied cladocerans, 
copepods, and copepod young. Further, in heated lakes the densities of these large-bodied 
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zooplankters were observed to be consistently reduced during peak summertime temperatures, 
while some but not all exhibited shifts towards earlier blooms. Bosmina, a relatively smaller-
bodied cladoceran, only had reduced abundance during typical spring blooms and phenological 
shifts were not observed. Densities of rotifera taxa, the smallest zooplanktons assessed, were not 
observed to be affected by warming conditions. I observed a significant difference of larval 
gizzard shad abundance during the peak hatch period and significant phenological shifts in larval 
gizzard shad timing in heated lakes, but no differences in larval Lepomis spp. abundance or 
phenological timing. 
Phosphorous, turbidity, and chlorophyll a were largely similar throughout the year 
between ambient and heated lakes. However, monthly changes in phosphorous availability in 
ambient lakes was similar to other shallow-water eutrophic systems, where lakes exhibit negative 
phosphorous loading across warmer months but phosphorous retention during winter periods 
(Sondergaard et al. 2013). Comparatively, heated lakes showed no significant variability in 
phosphorous loading across months. This may be due to changes in seasonal patterns such as 
thermal stratification and ice cover that can affect phosphorous concentrations directly (Eloranta 
1983). During the fall, prolonged stratification extending well past the summer would increase 
the rate of internal phosphorous loading from the sediment into the water column in heated lakes 
(Sondergaard et al. 2005) when ambient lakes are otherwise exhibiting negative phosphorous 
loading (Sondergaard et al. 2013). During the winter when phosphorous is typically retained in 
ambient lakes, it was observed that decreased winter ice cover in a small pond receiving thermal 
effluent allowed successful phytoplankton blooms in winter, resulting in rapid phosphorous 
uptake (Eloranta 1983). Multiple complex mechanisms likely combine to alter the seasonality of 
phosphorous availability in heated lakes. 
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Our findings disagree with theoretical expectations (Andersen and Jensen 1992; 
Sondergaard et al. 2005) and experimental studies that have observed increased phosphorous 
loading in warmer environments (Feuchtmayr et al. 2009; Jeppesen et al. 2009). However, my 
findings largely agree with a previous study in heated systems that found phosphorous 
availability in heated lakes was not different from phosphorous availability in surrounding 
ambient lakes from May - September (Mulhollem et al. 2016). Instead, results suggest that the 
overall mean of phosphorous in heated lakes will not increase but that seasonal availability will. 
The lack of yearly variability in phosphorous in heated lakes may indicate that the factors 
influencing phosphorous loading, such as stratification (Kleeberg and Dudel 1993), may be 
seasonally dependent. Importantly, based on expectations of turbidity and pelagic dominance, 
macrophytes are expected to decline with warming (Jeppesen et al. 2014). Macrophytes form 
important habitats for aquatic organisms, play roles in nutrient uptake, and compete with 
phytoplankton for light.  
General expectations are that phytoplankton abundance will increase with warming partly 
due to increased nutrient loading and partly due to release from grazing pressures by planktivores 
(Sondergaard 2005; Jeppesen et al. 2010; Sorensen et al. 2011). However, these trophic 
interactions have been shown to be dependent on food chain length (Hansson et al. 2013) and 
may therefore vary between systems. While I did not find phosphorous loading to occur, I did 
observe decreased zooplankton abundance in warmer systems and would expect increased 
phytoplankton abundance due to a release from grazing pressure (Sorenson et al. 2011). There 
may be multiple mechanisms that contribute to an unaltered phytoplankton abundance. First, 
warming increases individual grazing rates of herbivores and some experiments suggest 
enhanced herbivore performance may be sufficient to negate phytoplankton blooms (Gaedke et 
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al. 2010). Therefore, phytoplankton and zooplankton blooms may remain synchronous across 
large spatial scales (Straile 2002). Second, warming has been shown to alter the phytoplankton 
community towards smaller species that have higher turnover rates but smaller standing biomass 
(Sommer et al. 2007; Yvon-Durocher et al. 2011). Although my findings indicate that 
chlorophyll a concentrations were not different in heated environments, they do not necessary 
suggest that productivity of the algal community was not different. Heating is expected to lead to 
changes in phytoplankton composition, such as increased cyanobacteria dominance (Jeppesen et 
al. 2012), and phytoplankton can rapidly adapt greater photosynthetic capabilities under 
prolonged warming scenarios (Schaum et al. 2017), so it remains to be addressed whether or not 
primary productivity is similar between systems. 
Lower zooplankton abundance agrees with previous studies that suggest lower winter 
severity may enhance survival of planktivorous fish and therefore zooplankton may be 
significantly reduced year-round through increased grazing pressure by planktivores (e.g. gizzard 
shad, bluegill) (Jeppesen et al. 2003; Jackson et al. 2007; Jeppesen et al. 2010a). Further, my 
findings show that larger zooplankton were particularly affected. Size-specific selection agrees 
with both top-down control by planktivores and physiological mechanisms, though it is not clear 
the relative contribution of each mechanism in shaping the zooplankton community. 
Planktivorous fishes exert strong top-down control on zooplankton species (Sondergaard et al. 
1990) and these effects can be size-specific, as planktivores such as bluegill selectively feed on 
larger plankton (Werner and Hall 1974; Threlkeld 1979). The metabolic theory of ecology 
(Brown et al. 2004) and other rules observing declining body sizes with temperature across 
ecological scales (James 1970; Atkinson 1994) produce expectations of reduced success of larger 
organisms in warmer environments (Brown et al. 2004; Daufresne et al. 2009; Arendt 2011). 
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Alternative mechanisms may contribute to zooplankton declines on a seasonal basis. 
Zooplankton survival may be altered due to rising over-winter metabolic demands (Sommer et 
al. 2007) and above-optimal summertime temperatures can reduce growth efficiency and 
reproductive capacity (Pörtner 2001). Populations of Daphnia pulex and Daphnia magna at 
temperatures +5 °C above natural summertime temperatures (22 – 24 °C) exhibit sharply 
declining juvenile growth rates, rapid mortality, and reproductive failure (Craddock 1976; 
Mitchell et al. 2004). Daphnia have been observed to rapidly adapt increased thermal tolerance 
in response to artificial selection and in paleological records (Geerts et al. 2015), but increased 
thermal tolerance has competitive trade-offs (Willett 2010). Heated lakes may offer unique 
opportunities to understand whether thermal tolerance is adaptive in natural systems among 
various direct and indirect trophic interactions.  
 Shifts in phenological timing of spawning events in response to warming are ubiquitous 
across a large range of taxa (Parmesan and Yohe 2003). I found shifts in phenological timing of 
larval gizzard shad in heated lakes as they were done spawning in late May even though they 
continued to be present in ambient lakes through late June. Truncated presence could be 
attributable to shift towards earlier spawn time, which may enable larval gizzard shad to match 
shifts in zooplankton such as daphnia, an energetically favorable prey species (Mayer and Wahl 
1997). Matching spawn timing with zooplankton blooms is a critical step in ensuring 
reproductive success and recruitment from the larval stage (match-mismatch hypothesis; Cushing 
1990). Monthly differences in the larval Lepomis spp. abundance between ambient and heated 
lakes suggest potential changes in warmer systems that may warrant further study. In ambient 
systems, peak abundances occurred in late June whereas peak abundances did not occur until late 
August in heated systems, though high interannual and inter-lake variability contributed to a lack 
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of statistical significance. High variability may be a result of population-specific responses that 
depend on lake-specific factors such as habitat quality, forage base, and predation pressure. 
Delayed spring reproductive events is uncommon as warming often drives spawning and 
hatching to occur earlier due to a wider thermal window (Parmesan 2006), yet poor reproductive 
condition of mature adults exiting winter can delay spawning. This has been shown to occur 
when metabolic demands of ectotherms increase due to warmer winter temperatures but food 
remains limited (Wright et al. 2017). Alternatively, spawn timing could be delayed because there 
is less selective pressure for early spawning. Although low summer abundances of favorable 
zooplankton prey in heated lakes would make this unlikely, predation mortality on larvae is 
greatly diminished later in the year (Santucci and Wahl 2003) which may offset lower food 
availability. Later spawning of bluegill or other species could also contribute to lower 
zooplankton abundance in late summer (Hülsmann and Weiler 2000). Typically, late spawning is 
unfavorable because size-selective overwinter mortality favors larger individuals due to lower 
starvation risks (Oliver et al. 1979; Post and Evans 1989) but this effect is weakened in 
environments with lower winter severity (Santucci and Wahl 2003). Growth and development 
through the larval phase and juvenile phase can occur much more rapidly in warmer 
environments (Pepin 1991) and warmer environments extend the growing season, which may 
allow late-spawned individuals to reach overwintering sizes. As a result, warming may favor 
altered life histories which may decouple some important predator-prey interactions, for 
instance, young-of-year largemouth bass rely heavily on young-of-year bluegill as a prey 
resource, and the presence of bluegill early in the growing season is critical for largemouth bass 
overwintering success (Olson 1996). 
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Abundances of benthic invertebrates did not significantly differ between ambient and 
heated lakes in overall abundance or in abundance on a seasonal basis. These findings are similar 
to previous work using heated enclosures within a lake, where warming did little to alter the 
benthic invertebrate community (Baulch et al. 2005), as well as in heated mesocosms where 
benthic invertebrate communities were largely unaffected by warming alone (Feuchtmayr et al. 
2007). Despite relatively resilient communities to warming, it has been observed that the size 
spectra and decomposition rates (i.e. the ecological function of the benthic community) change 
seasonally in response to warming, at least in controlled, heated mesocosms (Dossena et al. 
2012). Ultimately, this suggests that benthic macroinvertebrate communities may be resilient to 
direct effects of warming, but warming may still have large-scale indirect effects, such as 
changes in ecosystem services.  
 We observed differences between ambient and heated lakes across many ecological 
variables. Worst-case climate change scenarios predict temperatures reaching +5 °C by 2100 
(IPCC 2015). Ecological factors in heated lakes suggest that if climatic warming approaches 
these levels, I can expect systematic changes in aquatic communities. As the heated lakes in this 
study have remained continuously warmed, this study design accounts for complex interactions 
between direct and indirect effects across habitat types and trophic levels. My model systems 
allow adaptive effects to occur such as thermal resilience of zooplankton (Van Doorslaer et al. 
2007; Yampolsky et al. 2014; Geerts et al. 2015) or changes in fish life histories and spawn 
timing (Crozier and Hutchings 2014). These effects may not be otherwise quantifiable in small 
scale, temporally short experimental designs or simplistic models. Complex interactions may 
explain why some findings did not meet expectations from previous studies, such as little change 
in phosphorous loading, unaltered turbidity, and relatively unaffected chlorophyll abundance. 
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There are still other facets of climate change which may further contribute to changes in aquatic 
systems that this study system cannot address, such as increased climatic variability and changes 
in precipitation. For instance, storm run-off and nutrient loading in lakes may differ due to more 
variable weather patterns and intense storms (Bronstert et al. 2002). However, my study still 
provides a valuable example of overarching changes in response to warming. The dramatic 
change in zooplankton abundance may indicate poor secondary production, though this did not 
translate to larval fish abundance. Future study should quantify primary and secondary 
productivity in these heated lakes to determine whether ecosystem services may be altered. 
Another focus of future work should be to utilize these systems to test whether physiological 
parameters such as thermal tolerance and energetic regulation are altered in organisms within 
these heated lakes. Though some physiological adaptations have been addressed in mosquitofish 
(Meffe et al. 1995) and largemouth bass (Rice et al. 1983; Smith et al. 1983) inhabiting heated 
lakes, a far greater number of invertebrate and vertebrate taxa have been unassessed. 
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CHAPTER 2: THE EFFECT OF ELEVATED ENVIRONMENTAL TEMPERATURES 
ON WATER CHEMISTRY, INVERTEBRATE COMMUNITIES, AND FISH GROWTH 
IN TEMPERATE AQUATIC ECOSYSTEMS 
 
Abstract 
Freshwater ecosystems are threatened by anthropogenic climate change. Experimental 
investigations of the effects of rising temperature have focused largely on cold-water systems, 
where expectations are that communities will shift towards warm-water species. Investigations in 
warm, temperate systems which are less susceptible to species displacement but remain 
susceptible to regime shifts are underrepresented. Further, quantification of the success of warm-
water fish species in controlled manipulations is limited and previous experimental 
manipulations may not appropriately account for the adaptive changes in phytoplankton and 
invertebrate communities that can occur after prolonged warming. I used mesocosms introduced 
with invertebrates from both ambient and chronically heated power plant cooling lakes as well as 
a native, warm-water fish, largemouth bass (Micropterus salmoides) to investigate the impacts of 
chronic warming in temperate North American freshwater ecosystems. Secondarily, by stocking 
fish mid-way through the experiment, I evaluated whether heated ecosystems are more or less 
susceptible to change from the introduction of a top predator. I monitored total phosphorus, 
chlorophyll-a, pelagic and benthic invertebrate communities, and largemouth bass growth over 
two months at either ambient temperature or +5 °C. Overall, I observed that the most notable 
change due to warming was a shift in the zooplankton community towards smaller-bodied 
species, marked declines in the reproductive success of copepods, and increased abundance of 
rotifers. Increased temperatures did not lead to a change in phosphorous availability, chlorophyll-
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a concentration, benthic invertebrate community, or fish growth. Presence of fish changed both 
the zooplankton and benthic invertebrate communities, indicating that top-down effects may play 
a broader role in shaping the communities of secondary producers than a 5 °C warming effect. 
Future climate change may play a direct role in shaping zooplankton communities, but changes 
in fish communities that are predicted to occur with climate warming may have further cascading 
effects on benthic and pelagic invertebrate communities. Findings in mesocosms were similar to 
findings from published studies in chronically heated power plant cooling lakes. I conclude that 
power plant cooling lakes are effective models to study the impact of climate warming in 
freshwater communities and more studies should utilize whole-lake systems that can incorporate 
complex trophic interactions over large time frames of temperature change. 
 
Introduction 
Anthropogenic warming threatens to alter or disrupt essential freshwater ecosystem 
processes (e.g. Halpin 1997; Schindler 1997) through temperature-dependent mechanisms such 
as increased nutrient release (Kamp-Nielsen 1975; Jensen and Andersen 1992), increased 
photosynthesis and respiration rates (e.g. Robarts and Zohary 1987; Morin et al. 1999), and 
interspecific and trophic interactions (Harrington et al. 1999; Traill et al. 2010; O’Connor et al. 
2011) as well as changes in phenological timing (Parmesan 2006). Untangling how direct and 
indirect temperature-mediated effects scale across trophic levels and shape the biotic community 
is a difficult task because ecosystems are far more complex than systems typically used to study 
the effects of warming (Kordas et al. 2011; Jeppesen 2014). There is agreement in some patterns, 
however, such as fish and insects will be smaller and cold-water fishes will do poorly (Daufresne 
and Boet 2007; Moran et al. 2010; Hopkins et al. 2011; Hayden et al. 2017; Sweeney et al. 2018) 
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and that both size and community composition of zooplankton will favor smaller-bodied 
organisms (Dossena et al. 2012; Piggott et al. 2015; Rasconi et al. 2015). However, there is also 
disagreement, such as varied effects on phytoplankton biomass (Chen et al. 2003; Moss et al. 
2003; Strecker et al. 2004; Gaedke et al. 2010; Meerhoff et al. 2012) and whether benthic 
macroinvertebrate communities will see altered biodiversity (Schiel et al. 2004; Baulch et al. 
2005; Feuchtmayr et al. 2007; Phillips et al. 2015). 
Some discrepancies may be explained by fundamental differences between experimental 
methodologies (Jeppesen et al. 2014). Studies of natural systems account for ecological 
complexities yet are confounded with environmental factors (e.g. space-for-time substitution) or 
have limited effect size (e.g. time series). Controlled heating experiments allow control for 
environmental factors, cover a range of effect sizes, and represent natural complexities well, but 
they can have limited trophic complexity and habitat variability due to system size constraints. 
Regardless of methodologies, shifts in zooplankton communities and/or phenological 
timing are well documented across studies in both natural systems (Gyllström et al. 2005; Brucet 
et al. 2010; Mulhollem et al. 2016) and controlled heating experiments (Strecker et al. 2004; 
Feuchtmayr et al. 2010; Sǒrf et al. 2015). However, a decrease in fish fitness and biomass is 
generally limited to findings in controlled heating experiments (Moran et al. 2010; Hopkins et al. 
2011) whereas natural systems more commonly see shifts in community compositions and size 
spectra rather than declines in biomass (Daufresne and Boet 2007; Jeppesen et al. 2012a; Hayden 
et al. 2017). Discrepancies may due in part to the fact that those controlled heating experiments 
including fish have been done in cool-water systems and sticklebacks (Gasterosteus aculeatus) 
have represented the top trophic predator almost exclusively (McKee et al. 2002; Moss et al. 
2003; Moran et al. 2010). Results may, therefore, be limited to a narrow range of systems 
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(Jeppesen et al. 2014). Controlled heating experiments consistently find that cool-water fish 
species tested are negatively affected by warming (Keller and Klein-MacPhee 2000; Moran et al. 
2010). The only warm-water species studied in semi-natural controlled heating experiments was 
the bighead carp (Hypophthalmichthys nobilis), a warm-water species native to southeast Asia. 
Bighead carp showed positive growth in response to warming due to enhanced primary 
productivity (He et al. 2018). Though He et al. (2018) found primary productivity to increase, 
not all studies agree (Lewandowska et al. 2012). Disagreements may be due to the exclusion of 
fish in many controlled experiments, hence frequently limited trophic complexity (Jeppesen et al. 
2014). Fish impose strong top-down control of ecosystems, and climate warming is predicted to 
exacerbate top-down control (McQueen et al. 1989; Kratina et al. 2012). Moreover, the effects of 
warming on planktonic communities is dependent on food-chain length where fishless systems 
have lower phytoplankton success but in the presence of fish phytoplankton have increased 
success (Hansson et al. 2013). Thus, inferences from many studies are limited to fishless systems 
that are not representative of most natural habitats. More work needs to address whether warm-
water systems in intercontinental climates respond similarly to maritime, cool- and cold-water 
systems and whether warm-water fish taxa with life histories that differ from Asian carps benefit 
from environmental warming. 
Differences in benthic invertebrate community responses may also be a result of 
experimental systems and climate. For instance, in simplified communities only gastropods were 
impacted by warming (Feuchtmayr et al. 2007), yet in thermal effluent in riverine, lacustrine, and 
marine environments the benthic community changed in response to temperature influence 
(Oden 1979; Schiel et al. 2004; Philips et al. 2015; Worthington et al. 2015). However, changes 
appear to be an indirect response, as temperature creates shifts in plant-forming habitat (Schiel et 
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al. 2004), explaining why benthic invertebrate communities in overly simplified mesocosm 
studies with limited habitat variability and spatial scale show little response to warming 
(Feuchtmayr et al. 2007).  
Because of fundamental differences in littoral habitat between cool-water systems and 
temperate intercontinental lakes, warming may affect benthic communities differently. Benthic 
communities in natural, cool-water systems may change substantially, as these systems see plant 
communities transformed as they shift from clear-water, benthically dominated systems towards 
pelagically dominated turbid systems during warming (Mooij et al. 2007; Jeppesen et al. 2014; 
Hayden et al. 2017). However, many temperate, intercontinental lakes and reservoirs are already 
highly eutrophic, pelagically dominated, turbid systems. If the effects of increased temperature 
on benthic communities is limited to indirect effects by shifts in macrophyte habitat, it is unclear 
if benthic communities in these types of systems will be similarly affected by warming. 
Another limitation of controlled heating experiments is the lack of consideration of 
evolutionary processes that can occur in the limited experimental timeframes. Previous 
controlled heating experiments have utilized invertebrate populations from surrounding ambient 
environments that have not experienced elevated temperatures, even though populations can 
exhibit adaptive changes in response to prolonged warming (Hoffmann and Sgrò 2011). For 
example, phytoplankton can adaptively change temperature-limited physiological processes 
within 100 generations in order to enhance success at otherwise detrimentally warm temperatures 
(Padfield et al. 2015). However, zooplankton such as Simocephalus vetulus and Daphnia magna 
can also rapidly adapt higher thermal tolerance, with evolutionary responses observed within 
several years of temperature selection (Van Doorslaer et al. 2007; Yampolsky et al. 2013; Geerts 
et al. 2015). Not all organisms have the capacity to change, however, as the capacity to and rate 
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of change may be dependent on genetic underpinnings, life histories, and habitat (Kassen et al. 
2002; Somero 2010; Hoffmann and Sgrò 2011). Therefore, heating experiments may be too short 
to encompass evolutionary processes that affect community composition in response to warmer 
environments (Jeppesen et al. 2014). As a result, findings still may not truly represent results 
expected from chronic climate warming that will allow at least some capacity for adaptive 
changes through time. Biotic changes through time are an important consideration as adaptive 
effects can either alleviate (Fernandes et al. 2013) or exacerbate (Post and Palkovacs 2009) 
trophic interactions. Therefore, to achieve a more accurate understanding of the consequences of 
future climate changes, research needs to incorporate potential adaptation into methodologies, 
especially controlled heating experiments.  
To assess how elevated temperature affects the biotic community of warm-water 
ecosystems, I established mesocosms at ambient temperature and above-ambient temperature 
based on predictive climate models for the year 2100 (+5 °C; RCP8.5, IPCC 2014). I maintained 
natural diel temperature fluctuations to represent climate change conditions. I used juvenile 
largemouth bass as a top predator to create top-down pressures on invertebrate communities and 
to assess potential warming impacts on predator growth and consumption. Largemouth bass are 
common predators found in warm-water North American freshwater ecosystems, with a native 
range from northern Mexico to southern Canada and have been introduced in a wide variety of 
habitats globally (Page and Burr 2011; Fuller and Nielson 2018). To account for compositional 
and/or adaptive changes in communities that may occur in response to chronic environmental 
warming, I seeded all mesocosms with soil and water samples from both ambient lakes and 
chronically heated lakes within 110 km of my study site (Kaskaskia Biological Station; KBS, 
Sullivan, IL). Heated lakes were established 40 – 50 years ago and are maintained at above-
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ambient temperatures (+5-7 °C) year-round by power plant effluent. The water chemistry, 
chlorophyll-a concentration, zooplankton abundance, and growth of largemouth bass in heated 
lakes over summertime periods have been compared to surrounding ambient lakes in previous 
works which show that nutrients, phytoplankton biomass, and overall growth of largemouth bass 
were largely unaffected by heating but there was a consistent decline in zooplankton abundance 
(Mulhollem et al. 2016). I hypothesized that warming will cause community shifts towards 
smaller bodied species (Daufresne et al. 2009), changes in primary producer abundance, and 
changes in fish growth (He et al. 2018). Based on other systems (e.g. Hayden et al. 2017) I 
predicted that copepods and daphnia, the largest bodied macrozooplankton, would be negatively 
affected by warming. I further predicted that phytoplankton abundance would be increased due 
to higher productivity associated with increased temperature and lower zooplankton grazers 
(Wetzel 2001; Hayden et al. 2017; He et al. 2018) but that benthic macroinvertebrate 
communities will remain resilient to temperature changes (e.g. Baulch et al. 2005; Feuchtmayr et 
al. 2007; Dossena et al. 2012). Finally, I predicted that largemouth bass would consume more 
and but that growth during the midsummer temperature peaks would not be different in the 
heated systems (e.g. Mooij et al. 2008; Mulhollem et al. 2016). 
 
Methods 
Experimental design 
To target annual peak temperatures, experiments were conducted outside under natural 
photoperiod conditions from July 5th – Sept. 1st (59 days) at the Kaskaskia Biological Station 
(Sullivan, IL; 39°33’05.7” N, 88°34’45.5” W). The experimental design consisted of 16 standing 
1000-L polyethylene mesocosms considered as independent replicates, with half (n = 8) 
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representing ambient temperatures and half (n = 8) being artificially heated (assigned randomly). 
Temperature treatments were applied for 28 days during which four weekly sampling events 
occurred. After the fourth sampling event, fish were added, and the mesocosms were continued 
to be treated for 30 more days which included four additional weekly sampling events. 
Mesocosms were heated with 500W titanium heaters (Finnex, Chicago, Illinois) placed in the 
center and used as a continuous heat source (i.e. there was no temperature controller). Mean 
daily air temperature high during this period was 29.0 ± 3.0 °C, mean daily air temperature low 
was 17.3 ± 3.5 °C, and mean daily precipitation was 2 ± 5.8 mm (mean ± SD; data obtained from 
usclimatedata.com). Each mesocosm was filled with 45.72 kg of silica sand (19 L) the day before 
mesocosms were filled with water. 
All mesocosms were partially filled with dechlorinated tap water immediately prior to the 
start of the experiment. Over the next two days, approximately 227 L of water and 10 L of 
sediment were collected from each of six lakes (two ambient lakes and one heated lake on July 
2rd, and one ambient lake and two heated lakes on July 3th). Water samples were taken near mid-
lake using a diaphragm driven hand pump in 0.6 – 1.2 m of water to avoid influence of riverine 
water. Sediment was taken from two haphazardly selected areas of shallow, weed-free habitats at 
the same location of collection of the seeding water using a stove pipe benthic invertebrate 
sampler. Sediment for seedings (10 – 20 cm depth) were collected within 3-m2 at each of the 
selected sites until ~4 L was obtained. 
In the evening, water and sediment samples were dispersed evenly among mesocosms. 
Six liters of water along with 0.3 L of sediment from each lake was added to each mesocosm, 
which was raked into the silica sand. When seeding mesocosms, water and sediment samples 
were periodically mixed to promote homogeneity. After seeding mesocosms on the second 
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evening, mesocosms were filled to a depth of 51 cm. Heaters were turned on the following 
morning (July 5th) when they could be visually monitored. 
After four weekly sampling events, juvenile largemouth bass were introduced into each 
mesocosm. Prior to stocking fish in mesocosms, juvenile largemouth bass were collected from a 
pond environment at the Sam Parr Biological Station (Kinmundy, Illinois) and were the offspring 
of adult broodstock from ambiently heated lakes. Juveniles were collected from a single pond via 
beach seines and transported to the experimental site. Upon arrival, fish were randomly divided 
into two groups and acclimated to either ambient or elevated temperatures in outdoor mesocosms 
adjacent to the experimental field site during the first four sampling events (days 1 – 28) of the 
experiment. During this acclimation time, juvenile fish were fed a combination of zooplankton 
and benthic invertebrates collected from local aquatic systems. On day 29, two fish were 
randomly selected from acclimation mesocosms and stocked into each experimental mesocosm 
based on their acclimation temperature. Because of warm summer temperatures, handling stress, 
and the potential for enhanced mortality due to heating, fish were monitored closely for two 
more days. Two fish died during the two-day post-stocking period and were immediately 
replaced with similar sized fish. I continued to monitor mortality closely throughout the 
experiment; four additional mortalities occurred across three ambient mesocosms between day 
39 – 45. Fish were replaced with individuals of a similar size at death on the same day. Initial 
weights (ambient: 1.31 ± 0.07 g, heated: 1.23 ± 0.07 g; data are means ± SEM) of introduced fish 
did not differ between groups (Wilcoxon rank-sum test, χ2 = 0.57, p = 0.45). 
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Sampling 
Depth (cm) at the center of each mesocosm was measured weekly. Temperature (TD °C), 
dissolved oxygen concentration (mg O2 L-1; [DO]D), and % O2 saturation (DO%D) were 
measured in each mesocosm weekly at a depth of 15 cm. [DO] is an important measure for 
aquatic organisms, regardless of the saturation point. DO%, on the other hand, indicates changes 
in the ecosystem respiratory balance, such as if heterotrophic respiration increases with 
temperature faster than autotrophic respiration (Yvon-Durocher et al. 2012). Sampling was 
conducted midday between 2 – 3 PM using a YSI probe (YSI Inc., Yellow Springs, Ohio) and 
before dawn (4 – 5 AM; TN °C; [DO]N; DO%N). TN °C was measured to ensure nocturnal 
temperatures reflect diel temperature differences. [DO] N and DO% N were measured because 
increased heterotrophic respiration in heated systems may be particularly impactful during 
periods of no photosynthesis. Further, an hourly temperature logger was placed in one randomly 
selected ambient and one randomly selected heated mesocosm to monitor intraday temperature 
fluctuations throughout the experiment. 
Two water samples were collected immediately prior to the addition of fish (day 28) and 
immediately prior to the termination of the experiment (day 59) in each mesocosm. Water 
samples were collected in HCl-washed 50-mL conical tubes rinsed with pH 7 DI-H2O. These 
samples were immediately frozen and stored at -20 °C until total phosphorous (TP) could be 
analyzed (Mackereth et al. 1978). Periphyton and phytoplankton were sampled every other week 
prior to the addition of fish then every week thereafter. Phytoplankton were sampled by inverting 
a 150-mL amber jar with a 2.5-cm diameter mouth at the water surface and slowing tipping it 
right-side-up while submerging the jar, ensuring that the water column was sampled evenly. 
Periphyton samples were collected in 50 mL amber jars by scraping growth off 100 mm x 100 
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mm unglazed tiles which were positioned in a random location midway between the center of 
each mesocosm and the wall. Periphyton and phytoplankton samples were immediately vacuum-
filtered through glass fiber filters (Merck Millipore Ltd., Burlington, MA, U.S.A.). Filters were 
wrapped in aluminum foil and stored at -20 °C until further analysis. For each fraction, standing 
algal biomass was estimated by quantifying chlorophyll a (Chl a; Falkowski and Kiefer 1985). 
Each week zooplankton communities were sampled to estimate community composition. 
A 15-cm diameter tube sampler was used to sample the entire water column in three equally 
interspersed locations. One sampling location was halfway between the wall and the center of the 
mesocosm, one was 10 cm from the wall of the mesocosm, and the last was 10 cm from the 
center of the mesocosm, to account for spatial heterogeneity of zooplankton. Samples were 
pooled and filtered through a 64-µm mesh filter and stored in Lugol’s solution. Copepods were 
identified to order and cladocera were identified to suborder, except the suborder daphnia was 
identified to family (Supplementary Table 2). Abundances were corrected for individual 
mesocosm depths during each sampling event and expressed as individuals × m-3.  
Substrate samples were taken weekly to assess benthic macroinvertebrate communities. 
A 15-cm wide dipnet with 100-µm mesh was used to sample 232-cm2 of substrate. Samples were 
transferred to jars with Rose Bengal’s-EtOH solution and inverted once. Benthic invertebrates 
were identified to the lowest practical taxonomic value (usually sub order or family; Merritt et al. 
2008). In each sample, all individuals within each identified group were also measured to the 
closest 0.01 mm using a digitizing scope and ImageJ software (Schneider et al. 2012). Biomass 
(mg) was estimated using published length-mass relationships (Eckblad 1971; Ramsay et al. 
1997; Benke 1999; Baumgartner and Rothhaupt 2003; Edwards et al. 2009; Rosati et al. 2012). 
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Estimated individual biomass was averaged and multiplied by the sample abundance (m-2) to 
estimate biomass of each identified group (mg × m-2). 
At the end of the experiment or in the case of premature mortality, fish were weighed and 
specific growth rate (SGR) was calculated. To avoid over-weighting tank-wide SGR with 
individuals that were present for an abbreviated period, SGR was taken as the weighted average 
within each mesocosm, where SGR was weighted by the number of days each individual was 
present relative to the total number of days to achieve a tank-wide SGR estimate (further referred 
to simply as ‘SGR’). Those fish that were collected at the end of the experiment were euthanized 
with a lethal dose of MS-222 (> 500 mg × L-1), stomachs were excised, and contents were bulk 
weighed (wet) and expressed as a percent of body weight (g × g-3). To ensure that premature 
mortalities did not significantly influence SGR, I tested whether SGR was correlated to the total 
number of fish introduced into a tank and found that it was not (linear regression, P = 0.18). 
 
Statistical Analysis 
All data are expressed as the group mean ± SE unless stated otherwise. Differences in 
[DO], DO%, TP, and both the phytoplankton and the periphyton fraction of Chl a were 
separately tested with a 2-way repeated measures ANOVA (RM-ANOVA) using a linear mixed 
model with treatment as a fixed factor, time (i.e. sampling day) as a fixed factor because samples 
were collected during an establishment period, and mesocosm (i.e. subject) as a random factor 
nested within treatment. Within each test, Mauchly’s test for sphericity determined 0.75 < Ɛ < 
0.50 so a Greenhouse-Geisser correction was applied to within-mesocosm comparisons across 
time. For TP, one major outlier (i.e. much greater than 3 SD from the mean) was removed prior 
to analysis (Osborne and Overbay 2004). Data was ensured to be normally distributed (Shapiro-
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Wilks test, P > 0.01) or was transformed to meet normality. Periphyton Chl a was log-
transformed and while a Johnson’s su transformation was applied to phytoplankton Chl a. Raw 
or otherwise transformed data was confirmed to have equal variances across treatments (Brown-
Forsythe tests, all P > 0.05). If treatment or treatment × time interaction effects were significant, 
pairwise tests were performed to assess group differences (Tukey’s HSD, α = 0.05). 
Community composition (zooplankton abundance (individuals × L-1), benthic 
invertebrate density (individuals × m-2), and benthic invertebrate biomass (g × m-2)) were 
analyzed in PRIMER 7 (Primer-E Ltd, Plymouth, UK). Analyses of assemblages were performed 
on log(x+1) transformed Bray-Curtis similarity matrices. Similarity matrices were visualized 
through non-metric multidimensional scaling ordination (nMDS; Kruskal and Wish 1978). 
Ordinations were based on centroids calculated for each treatment × sampling day group to 
enhance interpretability by reducing the number of data points plotted. Permutational analysis of 
variance (PERMANOVA; PERMANOVA+, Primer-E, Plymouth, UK) was performed on Bray-
Curtis similarity resemblance matrices using treatment and time as fixed factors and mesocosm 
as a random factor nested within treatment to account for repeated measures. If main effects were 
significant, pairwise comparisons across treatments but within sampling days were used to 
identify sampling days when treatments significantly differed. Similarity percentage analysis 
(SIMPER; Clarke 1993) was used to compare community composition of abundances and 
biomass between ambient and heated mesocosms on sampling days that treatments were 
significantly different. In the case where PERMANOVA did not determine treatment to have a 
significant effect, I used simple agglomerative hierarchical clustering and similarity profiles 
criterion (SIMPROF; Clarke et al. 2008) with a 95% similarity on treatment × time group 
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averages to determine trends in the data across time rather than exhaustive pairwise comparisons. 
Significantly different clusters were overlain on nMDS ordinations. 
Lastly, I addressed whether fish growth differed between warmed and ambient 
mesocosms. SGR was ensured to be normally distributed (Shapiro-Wilks test, P > 0.01) with 
homogeneous variances (Brown-Forsythe test, P > 0.05). SGR was compared using a 1-way 
ANOVA with treatment as a fixed factor. Stomach fullness (% body weight) was averaged 
across individuals within mesocosms and compared across treatments using a Student’s T-test. 
 
Results 
Temperature, water chemistry, and primary producers 
Across all sampling days and mesocosms, daytime temperatures ranged from 21.5 – 27.0 
°C in ambient mesocosms and 28.5 – 32.9 °C in heated mesocosms (Figure 2.1); the mean 
daytime temperature difference between ambient and heated mesocosms was 5.4 °C ± 0.5 (mean 
± 1 SD). Nighttime temperatures ranged from 21.3 – 24.9 °C in ambient mesocosms and 25.5 – 
30.4 C in heated mesocosms; the mean difference was 5.0 °C ± 0.2 (mean ± 1 SD). These 
temperature differences fall within projected climate change scenarios by the year 2100 (IPCC 
2015).  
Dissolved oxygen did not follow simple patterns predicted by saturation points. During 
the day, [DO] and DO% ranged from 2.4 – 10.8 mg O2 × L-1 and 8.0 – 128.0 % in ambient 
mesocosms and 4.4 – 7.3 mg O2 × L-1 and 53.0 – 98.0 % in heated mesocosms (Figure 2.2A,C). 
Daytime [DO] was significantly different by the treatment × time interaction (F7,98 = 17.46, P < 
0.001). Tukey’s HSD showed that ambient mesocosms had higher daytime [DO] on days 7 – 28, 
while groups did not differ on days 38 – 59. Daytime DO% was also significantly different by 
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the treatment × time interaction (F7,98 = 12.33, P < 0.001). Tukey’s HSD showed that ambient 
mesocosms had significantly higher daytime DO% on days 7 and 14, though within all 
remaining days (21 – 59) treatment groups did not differ. 
Nighttime [DO] and DO% ranged from 4.19 – 8.43 mg O2 × L-1 and 47.63 – 100.56 % in 
ambient mesocosms and 4.58 – 6.33 mg O2 × L-1 and 56.56 – 83.13 % in heated mesocosms 
(Figure 2.2B,D). Nighttime [DO] was significantly different by the treatment × time interaction 
(F7,98 = 9.37, P < 0.001). Nighttime DO% was also significantly different by the treatment × time 
interaction (F7,98 = 12.06, P < 0.001). For both nighttime [DO] and DO%, Tukey’s HSD showed 
that ambient mesocosms had significantly higher DO2 measures on days 7, 14, and 28, but were 
similar between groups on the remaining days. 
 Phosphorous was not significantly different between treatments (F1,14 = 1.03, P = 0.33), 
sampling days (F1,14 = 1.07, P = 0.31), or the treatment × time interaction (F1,14 = 0.69, P = 0.42; 
Figure 2.3A). There was not a significant treatment × time interaction on the Chl a concentration 
in the phytoplankton fraction (F5,10 = 0.47, P = 0.88; Figure 2.3B) nor a significant difference in 
Chl a concentration between treatment groups (F1,14 = 0.17, P = 0.69). There was a significant 
effect of time on phytoplankton Chl a concentration (F5,10 = 3.17, P = 0.02). Likewise, was not a 
significant treatment × time effect on Chl a in periphyton samples (F5,8 = 0.70, P = 0.87; Figure 
2.3C) and Chl a in periphyton samples did not differ between treatment groups (F1,12 = 1.84, P = 
0.20). There was a significant effect of time on periphyton Chl a (F5,8 = 7.08, P < 0.001). 
Because there were no treatment effects on phosphorous or Chl a measures, differences between 
sampling days are not discussed further. 
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Zooplankton communities 
Zooplankton communities differed between heated and ambient mesocosms (nMDS, 
Figure 2.4). PERMANOVA showed that zooplankton abundance was significantly different 
between treatments (Pseudo-F1,14 = 6.94, P = 0.005), time (Pseudo-F7,98 = 15.45, P = 0.001), and 
mesocosm (Pseudo-F14,98 = 2.18, P = 0.001) and that there was a significant treatment × time 
interaction (Pseudo-F7,98 = 1.49, P = 0.03). Before the introduction of fish, pairwise tests across 
treatments but within days indicated that zooplankton communities differed between treatments 
on days 14 and 21 (P < 0.05). SIMPER analysis showed that this was due to differences in 
rotifer, nauplii, cyclopoid (except in sampling day 3), chaoborus, and daphnia abundance (Figure 
2.5). During this period, these taxa accounted for > 70% of the dissimilarity between treatments. 
During the initial zooplankton bloom, ambient mesocosms were more favorable conditions for 
daphnia and showed declining rotifer abundances, whereas heated mesocosms appeared to be 
favorable conditions for small-bodied rotifers. In general, adult copepod abundance was low 
during the initial bloom, but cyclopoids were significantly more prevalent in ambient mesocosms 
on day 14. Nauplii abundance was consistently greater in ambient mesocosms, indicating a 
substantial decline in copepod success in heated mesocosms. 
After the addition of fish, lower abundance of nauplii in heated mesocosms still explained 
a large portion of the difference between treatments. Cyclopoid copepods also continued to see 
enhanced success in ambient mesocosms relative to heated mesocosms. The increase in rotifers 
was milder, but mean rotifer abundance continued to be consistently higher through all sampling 
days. 
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Aside from these consistent differences before and after fish, the addition of fish caused 
ambient and heated zooplankton communities to deviate from each other further. This is 
evidenced by communities being significantly different on more days (pairwise comparisons 
following PERMANOVA) after the addition of fish (three of four) versus prior to the addition of 
fish (two of four), and the more variable separation between ambient and heated groups in 
multidimensional space that arises after the addition of fish (nMDS; Figure 2.4). This is 
explained by taxa-specific interactions with fish that differ between temperature regimes, 
indicating that fish and fishless systems may not respond to warming in the same manner. After 
fish were added, the high abundance of daphnia in ambient mesocosms was diminished while 
heated mesocosms showed little change. While ceriodaphnia were not a dominant species prior 
to the addition of fish, they responded positively and dramatically to the addition of fish in 
heated mesocosms but not in ambient mesocosms. Meanwhile, chydorids responded similarly 
between treatments immediately after the addition of fish but continued to increase in abundance 
until the end of the experiment in ambient mesocosms. In heated mesocosms, chydorids began 
declining over the last three sampling days and were ultimately reduced 3-fold in heated 
mesocosms. Chaoborus showed the most complex interaction between the introduction of fish 
and the increase in temperature. Prior to fish, chaoborus were more abundant in ambient 
mesocosms and explained 8 – 9 % of the dissimilarity between communities on days 14 and 21, 
respectively. After the introduction of fish, chaoborus became more successful in heated 
mesocosms rather than ambient mesocosms on days 45 and 52, explaining 13 – 14 % 
dissimilarity, respectively. This effect is also temporally influenced, as the first and last sampling 
days after the addition of fish showed relatively little chaoborus and no clear differences between 
temperature regimes. I note that while some temperature-driven effects appear to be consistent 
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through sampling days, and others were periodic and/or interactive (Figure 2.5), dissimilarity/SD 
ratios were not very large in all cases (< 2; Table 2.1), indicating variability between mesocosms. 
A dissimilarity/SD ratio of > 2 is typically used as a cutoff value that indicates significant 
species-specific differences under SIMPER analysis (Clarke 1993). Changes in the overall 
zooplankton communities are evidenced by PERMANOVA and reflected in the nMDS 
ordination and the abundance graphs (Figure 2.5). However, low dissimilarity/SD ratios indicate 
that taxa-specific trends will be visible across large spatial scales but the magnitude of change in 
individual systems may be hard to predict, as even these highly controlled mesocosms showed 
variability in their responses. 
 
Benthic invertebrates 
Benthic invertebrate communities were largely resilient to warming but the addition of 
fish markedly enhanced the abundance and biomass of benthic invertebrates. Benthic 
invertebrate abundance did not differ by treatment (PERMANOVA, Pseudo-F1,14 = 0.51, p = 
0.79) or the treatment × time interaction (Pseudo-F7,98 = 0.91, P = 0.62; Figure 2.6A). However, 
invertebrate abundance was different by time (Pseudo-F7,98 = 11.84, P = 0.001) and mesocosm 
(Pseudo-F14,98 = 2.15, P = 0.001). SIMPROF analysis resulted in 3 groups, where ambient 
mesocosms on day 7 were different than all others (group A), heated mesocosms on day 7 were 
clustered with ambient and heated mesocosms on days 14 – 28 (group B), and ambient and 
heated mesocosms on days 38 – 59 were clustered together (group C). Because there was no 
difference in treatment and such a large effect of fish addition, I limit my focus to the differences 
in benthic invertebrate communities between SIMPROF groups rather than an exhaustive 
pairwise comparisons of all sampling days. The separation of ambient and heated mesocosms on 
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day 7 indicates that colonization of heated mesocosms occurred more rapidly than in ambient 
during the first week, though the communities became relatively stable on days 14 – 28. After 
the addition of fish, there was a large decline in oligochaetes, with large increases in nematodes 
and gastropods, and more moderate increases water mites, chironomids, and ostracods (Table 
2.2). 
Similarly, PERMANOVA showed that when measured as biomass and therefore 
accounting for potential differences in individual size, benthic communities did not significantly 
differ by treatment (Pseudo-F1,14 = 0.47, P = 0.70) nor was there a significant treatment × time 
interaction (Pseudo-F7,98 = 1.04, P = 0.43). Benthic communities were significantly different by 
time (F7,98 = 10.458, p = 0.001) and by mesocosm (F14,98 = 1.46, P = 0.04). Clear shifts in 
biomass corresponded to the addition of fish (Figure 2.6B) similar to that of abundance data and 
statistically significant clusters from SIMPROF analysis resulted in two groups: group A 
comprised of all points prior to the addition of fish and group B comprised of all points after the 
addition of fish. SIMPER analysis showed that this shift was a result of large increases in the 
biomass of invertebrates after the introduction of fish, most notably annelids, ostracods, 
chironomids, and nematodes (Table 2.3). However, there was not a separation of ambient and 
heated communities on day 7 when measured as biomass, suggesting that while benthic 
macroinvertebrates colonized heated mesocosms faster, they likely had a reduced body size.  
 
Fish 
Fish growth did not differ in heated mesocosms but stomach fullness did. Mean SGR of 
juvenile largemouth bass in ambient (2.264 ± 0.302 g × g-1 × day-1) and heated (2.203 ± 0.288 g 
× g-1 × day-1) mesocosms was not significantly different (Student’s T-test, p = 0.886; Figure 
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2.7A). However, stomach fullness (g × g body weight-3) of fish in heated mesocosms (10.154 ± 
0.692 g × g-3) was significantly higher than those in ambient mesocosms (7.67 ± 0.853 g × g-3; 
Student’s T-test, P = 0.03; Figure 2.7B). 
 
Discussion 
Water chemistry and primary producers 
Total phosphorus is thought to increase with warming because of temperature-dependent 
mechanisms such as stratification and anoxia that increase internal phosphorous loading 
(Kleeberg and Dudel 1993; Sondergaard et al. 2005). Increased phosphorous has been observed 
in some mesocosm and lake experiments (Feuchtmayr et al. 2009; Jeppesen et al. 2009) but not 
in others (McKee et al. 2003; Mulhollem et al. 2016). Eutrophication is already a ubiquitous 
problem plaguing freshwater ecosystems (Smith 2003), so additional increases from warming 
would be problematic. Despite several temperature dependent processes governing phosphorous 
availability (see Malmaeus and Hakanson 2004 and Hakanson and Malmaeus 2005), I observed 
no change to TP availability. This is consistent with findings in artificially heated reservoirs in 
the same region where phosphorous availability was largely the same as in ambient reservoirs 
from May - September (Mulhollem et al. 2016). This suggests that, at least regionally, increases 
in TP are unlikely. Further, I did not observe anoxic conditions, where are predicted due to 
increased heterotrophic rates (Yvon-Durocher et al. 2012) coupled with declining DO saturation 
points, observed in other mesocosm experiments, particularly under increased nutrient load (e.g. 
Moran et al. 2010). However, I did find that DO% was lower during both the day and night in 
heated mesocosms through the majority of the initial bloom. This is an expected finding as 
warming alters ecosystem respiration, increasing heterotrophic respiration faster than autotrophic 
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respiration, leading to reduced oxygen content (Yvon-Durocher et al. 2010). Overall, my 
findings point to a lack of transient anoxic conditions that have been observed in cool-water 
mesocosms and often lead to reduced success of fishes (McKee et al. 2003; Moran et al. 2010). 
A lack of anoxic conditions in heated mesocosms is consistent with findings in heated 
Midwestern lakes (Mulhollem et al. 2016) but not in small ponds receiving thermal effluent 
(Eloranta 1983), so system size will likely play an important role in determining these effects. 
Although small reductions in DO is a more favorable outcome than complete anoxia, declining 
DO2 may still have potential impacts due to sublethal effects (e.g. on swimming performance; 
Dutil et al. 2007). 
The effects of anthropogenic warming on primary producers are complex. Algal biomass 
is expected to increase in response to a warmer environment (Jeppesen et al. 2014), in part due to 
eutrophication (Balls et al. 1989) and decreased grazing because of trophic interactions 
(Jeppesen et al. 2010a). Yet, experiments have not always found algal biomass to increase, even 
in artificially heated lakes (Mulhollem et al. 2016) or in controlled, experimentally heated 
mesocosms that included both excess nutrients and fish (McKee et al. 2003). It has been argued 
that equitable phenological shifts of phytoplankton and zooplankton coupled with faster growth 
rates of herbivores in warmer environments effectively couple enhanced algal productivity with 
increased grazing pressure, resulting in no net change in phytoplankton abundance (Staile 2002; 
O’Connor et al. 2011). This coupling may prevent any real change in the biomass as has been 
observed in some mesocosm experiments (Gaedke et al. 2010). My findings here reflect those 
findings, and the findings in heated Midwestern lakes, where continuous warming did not result 
in a change in Chl a during blooms or during peak summertime temperatures (Mulhollem et al. 
2016), because phytoplankton did not respond even when zooplankton were reduced. I add to 
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findings in heated lakes (Mulhollem et al. 2016), as periphyton also did not differ in heated 
mesocosms. I did not assess the algal species composition, so these findings do not exclude the 
possibility of shifts in algal community composition towards more heat tolerant species (Strecker 
et al. 2004) or adaptation towards heat tolerance (Schaum et al. 2017). Phytoplankton have 
intrinsic mechanisms that allow rapid adaptive evolution over very short periods (reviewed by 
Baselga-Cervera et al. 2016). Therefore, algae may be able to adapt and cope with warming 
environments outside of their native range quickly (Padfield et al. 2015). Warming has been 
shown to drive shifts in phytoplankton communities of heated mesocosms towards smaller-
bodied taxa (Yvon-Durocher et al. 2010), resulting in greater productivity but a similar standing 
stock of biomass due to higher turnover rate (Yvon-Durocher et al. 2010). Genetic changes in 
lieu of or in conjunction with species composition changes may ultimately contribute in a lack of 
change in the standing photosynthetic biomass (i.e. chlorophyll a). 
 
Secondary invertebrate communities  
Macrozooplankton were negatively affected by heating, similar to previous results in 
heated mesocosm experiments (Strecker et al. 2004) and lake systems across temperature 
gradients (Brucet 2010; reviewed by Jeppesen 2014). These findings also support those by 
Mulhollem et al. (2016) in heated Midwestern lakes. my findings suggest that the decline in 
macrozooplankton in response to heating may be due to diminished reproductive success. 
Increased temperature has been suggested to cause shifts in energetic investments away from 
reproduction in macrozooplankton (Threlkeld 1979; Mulhollem et al. 2016). my findings were 
consistent with this hypothesis, where changes in adult-stage copepod abundances were less than 
rather dramatic reductions in nauplii in heated systems. In the Baltic marine copepod Acartia 
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tonsa, optimal egg production per female occurred around 25 °C, after which egg production 
dropped precipitously and 34 °C lead to complete mortality (Holste and Peck 2006). Thus, 
macrozooplankton such as copepods may divert energetic investment away from reproduction in 
order to counteract reduced adult-stage success.  
Phytoplankton abundance often has a tight inverse relationship with zooplankton 
abundance (Lampert et al. 1986). As phytoplankton did not differ in heated systems whereas 
most macrozooplankton declined, results suggest that there may still be substantial grazing 
pressure on primary producers. Grazing rates of zooplankton are positively correlated with 
temperature (Deason 1980), so despite most taxa exhibiting declining abundance each individual 
may exert more pressure. Strong negative trends in abundance of many macrozooplankton due to 
heating may be partially or fully offset by rotifer and ceriodaphnia abundance. Rotifers were 
increased by more than 3-fold relative to ambient controls in some sampling days and may be 
estimated even higher if alternative sampling methods were used (Chick et al. 2010), whereas 
ceriodaphnia abundance was increased 10-fold by the end of the experiment. Further, if species-
specific success of macrozooplankton can be partially attributed to body size, it is likely that 
these same mechanisms carry over to rotifers, where the smallest species may do best. Thus, 
increased rotifer abundance may continue to exhibit top-down pressure on phytoplankton 
populations during warming conditions.  
Our results were consistent with the literature in that fish strongly influenced zooplankton 
communities (Carpenter et al. 1985; Carlisle and Hawkins 1998; Detmer et al. 2019). However, 
the influence of fish differed between ambient and heated mesocosms, causing taxa-specific 
changes that were dependent on temperature. While ceriodaphnia and chydorids appear to differ 
little between treatments before the introduction of fish, they became particularly influential 
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afterwards. After fish were introduced, ceriodaphnia appeared to be successful in heated 
mesocosms but not ambient mesocosms while, after an initial positive response to fish in all 
tanks, chydorids showed continued increasing abundance in ambient mesocosms but declining 
success in heated mesocosms. Further, chaoborus – a motile, pelagic predator of copepods and 
cladocera with preference for larger-bodied species (Hare and Carter 1987) – appeared to be 
negatively affected by temperature prior to the introduction of fish (sampling days 14 and 21), 
yet positively affected by temperature after the introduction of fish (sampling days 45 and 52). 
These results imply that in systems with and without some zooplankton taxa fish may respond 
similarly to warming (i.e. copepods and rotifers) while others will have differential responses.  
Taxa-specific effects may be a response to both temperature- and predation-based size-
selection. Temperature benefits small-bodied species (Daufresne et al. 2009) while large 
planktivores preferentially select against large-bodied species (i.e. copepods, daphnia; Werner 
and Hall 1974; Hare and Carter 1987). Temperature may have directly benefitted rotifers while 
inhibiting the production of nauplii. Chaoborus are motile, pelagic predator of copepods and 
cladocera, and the transition from chaoborus hindrance to chaoborus success with the addition of 
fish may have aided in repressing cyclopoids and daphnia in heated mesocosms, allowing 
ceriodaphnia to be increasingly successful.  
The interaction between fish presence and temperature on chaoborus appears complex 
but may be an indirect response to chaoborus predators. Odonates and fish are large, free-
swimming, highly motile predators of chaoborus, but fish can also consume odonates (Gilinsky 
1984). I did not observe changes in benthic species abundance or biomass, nor in fish growth, 
but I did observe increased stomach fullness in juvenile largemouth bass. Increasing 
temperatures lead to an increase in metabolic rate that is associated with higher activity and 
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predation rates (e.g. Heiman and Knight 1975; Pruitt et al. 2011). As a result, it is possible that 
the predation rate on pelagic organisms such as chaoborus by motile invertebrate predators could 
have increased in warmer environments initially but decreased after the introduction of fish due 
to higher predation on predatory invertebrates by fishes or even suppression of feeding behaviors 
of predatory invertebrates by the presence of fish (Heads 1985). Such multiple trophic 
interactions between zooplankton, benthic invertebrates, and fish may explain why chaoborus 
and ceriodaphnia become much more abundant after the introduction of fish and imply that 
despite a lack of effect of temperature on benthic organisms, increased temperatures may still 
drive predation rates within the benthic communities such that they impact other invertebrate 
communities. 
A lack of detectable difference in shallow-water benthic invertebrate communities due to 
heating is inconsistent with the findings of a 10-year study of a subtidal marine benthic 
community inhabiting a thermal outfall (Schiel et al. 2004). Yet, Schiel et al. (2004) concluded 
that benthic macroinvertebrate community changes were a response to cascading mechanisms 
from declines in habitat-forming macrophytes. There was not an establishment period for plants 
in my systems that represent most Midwestern lakes that are phytoplankton rather than 
macrophyte dominated. Instead, my findings were similar to those in heated enclosures of a lake, 
where warming did little to alter the benthic invertebrate community (Baulch et al. 2005), and 
across many lakes, where benthic community compositions were more responsive to food 
availability than temperature (Jyväsjärvi et al. 2013). Benthic invertebrate biomass increased 
dramatically with the addition of fish, as fish excrement can shunt nutrients to the benthic zone, 
substantially enhancing the benthic community (Collins and Wahl 2017). Ultimately, this 
suggests that benthic macroinvertebrate in warm, shallow-water, pelagically dominated lakes 
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may be resilient to direct warming as mechanisms governing abundance and size of 
macroinvertebrates are independent of mechanisms governing zooplankton abundance and size 
but will remain responsive to changes in top-down pressures due to potential warming effects on 
fish (Lynch et al. 2016; Whitney et al. 2016).  
 
Largemouth bass growth 
Fish are expected to grow faster in warmer systems due to increased feeding (Niimi and 
Beamish 1974) and development rates (Pepin 1991). Initial growth rates of largemouth bass 
young of year in heated lakes was higher than in ambient lakes (Mulhollem et al. 2016), 
however, largemouth bass growth was not greater during peak summer months in heated lakes 
when temperatures were at yearly highs. Although I observed greater stomach fullness in fishes 
in heated mesocosms, I did not observe an increase in growth. Increasing metabolic costs 
associated with higher temperatures (Rolfe and Brown 1997) may offset increased food uptake 
during these exceptionally warm periods. my results suggest that juvenile largemouth bass will 
not be negatively affected by future warming conditions in warm temperate systems even though 
maximum growth rate in largemouth bass occurs at 25 °C (Niimi and Beamish 1974). The 
average temperature in ambient mesocosms was about 25 °C and heated mesocosms were always 
above 25 °C. Increases in basal metabolic requirements and consumption rates of predators may 
exacerbate size-selection effects on secondary communities induced by warming (Daufresne et 
al. 2009). Higher activity and predation rates in warmer environments (e.g. Heiman and Knight 
1975; Pruitt et al. 2011) may have contributed to taxa-specific changes. As a result, even if 
growth and success of fishes is not altered, fishes may still cause trophic implications on other 
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communities. This is supported by other studies which found that warming increases the top-
down pressure, though this was somewhat seasonally dependent (Kratina et al. 2012). 
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CHAPTER 3: PERSISTENTLY WARMER TEMPERATURES LEAD TO LIFE 
HISTORY CHANGES IN BLUEGILL SUNFISH (LEPOMIS MACROCHIRUS) 
 
Abstract 
Climatic changes are occurring across the globe and warming is a pervasive issue for 
ectotherms across all habitats. With projected increases in global temperatures, understanding the 
success of organisms under future conditions is important. Life history strategies shape many 
aspects of a species’ ecological importance and population demography, but the success of life 
history strategies can be dependent on temperature. Due to the difficulty of establishing long-
term heating studies on whole lake systems, there is little empirical evidence addressing the 
potential changes in life history strategies of fish in situ in response to future climate warming 
trends. Here, I study early growth rates, size-at-maturation, maximum adult size, and lifespan of 
bluegill populations in three lakes in Illinois from 2013 – 2017 that experience above-ambient 
temperatures year-round due to artificial heating by electrical power plant cooling systems and 
compare those populations to populations in three nearby ambient lakes. Temperature changes 
are within the range of temperature increases by the year 2100. I find evidence that life history 
strategies and therefore population demographics are substantially affected by warmer 
environments. Heated populations showed faster first-year growth, shorter lifespans, smaller 
size-at-maturation, and smaller maximum adult sizes. Changes in life history strategies, 
including lifespan and maximum sizes, will be evident across many fish species under warmer 
conditions in the future. 
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Introduction 
Life history traits of ectotherms are strongly dependent on environmental temperatures 
(Orcutt and Porter 1983; Atkinson and Sibly 1997). As average global temperatures rise due to 
anthropogenic climate change (IPCC 2014), understanding the impact of rising temperatures on 
life history and population-level success is a pressing concern (Stenseth and Mysterud 2002; 
Winkler et al. 2002). Supra-optimal temperatures can impact fitness-related traits in many taxa, 
such as survival (Thompson et al. 2017), clutch size and egg viability (Gliwicz and Boavida 
1996; Jeuthe et al. 2013), body sizes (Gardner et al. 2011), and changes in phenology (Parmesan 
2003). Not all organisms have the same capacity to adapt to a changing climate (Somero 2010), 
and even traits that consistently respond to temperature (e.g. reduced body size, Daufresne et al. 
2009) can have variability among species (e.g. Atkinson 1995; Caruso et al. 2014). Further, 
environmental warming can have indirect effects, such as changes in food availability, that can 
interact with temperature and further affect life history traits (Bale et al. 2002; McLeod et al. 
2013). A better understanding of changes in the life history strategies of natural populations in 
situ in response to both direct and indirect effects of environmental warming can help my 
understanding of population dynamics and ecological interactions under new climatic conditions. 
Changes in environmental temperatures affect growth rate, body size, and maturation 
through several mechanisms (Gardner et al. 2011). Thermal inhibition of reproduction, mediated 
through the endocrine system, occurs across a range of fishes (Pankhurst and Munday 2011). 
Even under adequate feeding conditions, egg development in adults can be sub-optimal at supra-
optimal temperatures (Donelson et al. 2010). Extreme temperatures can reduce energy 
availability for growth and reproduction by increasing metabolic costs as well as time dedicated 
to behavioral thermoregulation, therefore limiting other activities such as foraging and 
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reproduction (Gillooly et al. 2001; Kearney et al. 2009; Keefer et al. 2009). Further, the 
fecundity advantage that is typically gained when delaying maturation until a larger body size 
diminishes with increasing temperature, indicating that biophysical processes may favor small 
body sizes and early maturation under warmer conditions (Berrigan and Charnov 1994; Atkinson 
1994; Arendt 2011). Body size is an important ecological factor and is associated with 
differences in foraging efficiency (Mittelbach 1981), behavior (Niemelä et al. 2013), diet 
(Nannini et al. 2012), competitive interactions (Rowland 1989), fecundity (Honek et al. 1993), 
and predator-prey interactions (Werner and Anholt 1996). Yet, increased temperature releases 
temperature-dependent reaction rates and is therefore generally associated with faster growth and 
development (Kingsolver and Huey 2008). The temperature-mediated increase in growth and 
development rate has been shown to lead to earlier maturation and smaller sizes at maturation 
across many ectotherms, including zooplankton (Orcutt and Porter 1983), fish (Pepin et al. 
1991), and marine invertebrates (Annala et al. 1980; Hiwatari and Kajihara 1987). Though 
individuals in stunted populations can reach maturation more quickly, small sizes are linked to 
lower fecundity (Honek 1993; Fleming 1996) and increased susceptibility to predators (Paine 
1976). Further, temperature has been shown to negatively correlate with lifespan within a wide 
range of ectothermic species (Munch and Salinas 2009). Though the mechanisms that link higher 
temperatures with shorter lifespans are still unclear (Flouris and Piantoni 2015), rising 
temperatures lead to a faster pace-of-life (Biro and Stamps 2010; Goulet et al. 2017b), resulting 
in higher cellular metabolism and energy expenditure, which has been associated with early 
senescence (Hsu and Chiu 2009).  
While some coherent responses to climate change have been identified (Parmesan and 
Yohe 2003; Parmesan 2006; Daufresne 2009; Gardner et al. 2011; Hayden et al. 2017), 
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ecosystem complexity as well as the variability between ecosystems introduce great uncertainty 
towards understanding species-specific responses to climate change (Walther et al. 2002). Less is 
known about how populations may respond to future warming conditions outside of controlled 
mesocosms due to the difficulty of establishing long term heated experiments in natural systems. 
Across natural lakes, temperature was shown to be the most important of several environmental 
factors in enhancing juvenile growth rate in bluegill sunfish (Lepomis macrochirus) populations 
across Illinois (Hoxmeier et al. 2009). In a marine system, temperature accounted for 30% of the 
variability in growth rates of a larval marine fish naturally settling on reefs (McCormick and 
Molony 1995). However, population-level responses to temperatures across the natural range do 
not necessarily demonstrate an understanding of population responses to supra-optimal 
temperatures in situ. Long-term monitoring projects of populations under persistently rising 
temperatures, such as cold-water salmonid species in the Fraser River, California, USA, shows 
that salmon populations coping with environmental warming instead exhibit slower growth while 
reaching maturation at smaller sizes (Cox and Hinch 1997).  
Artificially heated power plant cooling lakes present unique opportunities to study 
ecosystem effects of future environmental warming in situ. In a comparison of a bluegill 
population from a heated lake to a population in an ambient lake, bluegill in the heated 
population exhibited lower size-at-maturity, a small maximum size, and early senescence, 
despite having faster first year growth rates (Martinez et al. 2016). Comparison of a heated 
population of invasive pumpkinseed sunfish (Lepomis gibbosus) to asynchronous records of 
ambient populations showed similar changes in life history traits (Dembski et al. 2006). Both of 
these studies lack statistical power. In bluegill and other fishes, environmental factors other than 
temperature can strongly influence population-specific life history strategies. For example, high 
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predation mortality leads to stunted bluegill populations that exhibit small maximum sizes, rapid 
growth, early maturation, and small size-at-maturation (Aday et al. 2002). Populations that 
experience limited food resources also adapt similar life histories (Amundsen et al. 2016). Small 
fishes whose life histories occur in ephemeral pools have the shortest known reproductive cycle 
of any vertebrate (Blazek et al. 2013). As a result, various factors other than temperature that 
reduce expected longevity may drive populations to express similar life history changes. Thus, it 
is unclear if previous findings regarding temperature affects on life history traits of sunfishes 
occurs across populations or if such findings are an aberration of a limited sample size and are 
instead attributable to some other factor(s). Further research is needed to investigate the impact 
of warmer environmental conditions on the life histories of warm-water species common across 
temperate aquatic ecosystems and to confirm previous findings in species other than cold-water 
salmonids. 
To address these questions, I assessed the population structure of bluegill in three 
ambient lakes and three power plant cooling lakes within central Illinois, USA (Martinez et al. 
2016). I hypothesized that bluegill populations inhabiting heated lakes would express 
consistently different life histories. I predicted that heated populations would exhibit faster 
growth but reach maturity at smaller sizes that would correspond to smaller maximum sizes and 
shorter lifespans. Due to increased energetic expenditures, I also expected that bluegill in heated 
lakes would have a lower body condition. 
 
Methods 
Ambient and heated lakes used in this study are located in central Illinois, USA within a 
7700-km2 area. Due to their close proximities, differences in environmental factors such as 
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rainfall, temperature, photoperiod, and land use (highly agricultural) are minimized. Heated lakes 
have been persistently heated since their establishment 40 – 50 years ago via uncontaminated 
effluent from power plants located adjacent to the lakes. As a result of their histories and 
locations, heated lakes represent independently replicated systems with elevated environmental 
temperatures. Temperature was measured at 1-m depth at 4 locations randomly selected 
throughout each lake 2 times monthly from August 2013 – July 2017 (Figure 3.1). Peak summer 
temperatures are 5 – 7 °C above ambient temperatures in heated lakes, extend well beyond 
optimum growth temperatures (Beitinger and Magnuson 1979), and approach or exceed thermal 
maxima of bluegill (Holland et al 1974). The temperature difference between ambient and heated 
lakes is within predicted temperature changes by 2100 (RCP 8.5; IPCC 2015). Maximum 
temperature in each lake was estimated as the mean of the yearly maximum temperatures in each 
year from 2013 – 2016 (Tmax). 
Catch per unit effort (CPUE) of electrofishing was calculated from regular electrofishing 
sampling carried out each fall (Sep. – Nov.) from 2013 – 2016 by dividing the total number of 
individuals caught by the effort (hours) electrofished. In each lake, electrofishing was done by 
30-minute transects at four fixed locations 1-2 times per year. All bluegill caught were measured 
for total length (TL, mm) and released. Length frequency distributions of bluegill populations in 
each lake were created using data from electrofishing sampling. Frequency by 10 mm size bins 
were averaged within years in each lake, then across years to obtain an average frequency per 10 
mm size bin over the four-year period. 
To assess age, bluegill were collected from lakes in 2015 (n = 124), 2016 (n = 505), and 
2018 (n=439) from electrofishing transects lasting one to three hours at haphazardly selected 
locations. I targeted n = 10 fish per 10 mm size bin across the entire range of body sizes. 
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However, actual sizes collected were adjusted to account for varying size ranges present between 
lakes, for some lakes having size gaps due to year-classes, and for variable population densities 
(n = 148 – 221 per lake). Otoliths were extracted, submerged in ethanol, and examined under a 
dissecting microscope (12× magnification) in whole view on a black background with refracted 
fiber optic light. Each otolith was aged blindly by two independent readers. If there was 
disagreement, the otolith was reviewed by both readers for a consensus. If a consensus could not 
be reached the otolith was read blindly by a third independent reader and the common age was 
taken as the consensus. If a consensus could not be reached, the individual was removed from 
further analysis. The proportion of each age class within 10 mm size bins was used to create age-
length keys which were then applied to the length-frequency distributions acquired from yearly 
electrofishing data across each population. Further, I estimated first year growth rate by 
acquiring the mean growth from age-0 cohorts in length-at-age frequency distributions from each 
lake. I also calculated the mean age of each population from the length-at-age frequency 
distributions. 
Von Bertalanffy growth curves were used to calculate asymptotic average length (L∞) 
using the fishmethods package in R. To account for shifts in the proportional stock density of 
large bluegill, the relative stock density (RSD) at 160 mm (RSD160) was calculated as 100 times 
the total number of 160-mm and larger bluegill caught each year in each lake divided by the total 
number of 80-mm and larger bluegill (Anderson and Gutreuter 1983). I chose 160 mm instead of 
200 mm, the preferred stock length (Gabelhouse 1984a), because 160 mm was the largest size 
present in all lakes. I also determined the size at the 90th percentile (TL at P90, mm) of each 
population in each year to address the most common maximum size for these populations rather 
than the maximum potential size. 
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Fish collected in 2018 were also assessed for condition factor and maturity status. Fish 
were weighed (g), measured (TL, mm), and Fulton’s condition factor (K = ) calculated. To 
determine maturity status, gonads were dissected, weighed (g), and maturity was assessed using 
the protocol of Aday et al. (2006). Males were considered mature when they exhibited fully 
developed testes with running sperm as well as at least a 0.5% gonadosomatic index (GSI). 
Females were considered fully mature when they exhibited yolked eggs and a GSI of at least 
1.0%. 
 
Statistical analysis 
We used one-tailed Student’s T-tests to determine if L∞ and mean population age were 
significantly lower in heated lakes relative to ambient lakes and to determine if age-0 growth was 
significantly higher in heated populations relative to ambient populations. Prior to analysis, data 
were ensured to be normally distributed (Shapiro-Wilk test, P > 0.05) with homogeneous 
variances (Levene test, P > 0.01). 
Tmax, CPUE, TL at P90, and RSD160 were analyzed using linear mixed-effects model 
(LMM) under the lme4 package in R (Bates et al. 2015; v3.5.2, R Core Team 2018). The 
maximal models, fit by maximum likelihood, were used to estimate fixed effects, where 
treatment is considered a fixed effect and year as a random effect with random intercepts. 
Residuals were visually inspected to ensure normal distributions and homoscedasticity. CPUE 
was log2 transformed to fit these criteria. P-values were obtained by likelihood ratio tests of the 
maximal model to the model without the treatment effect. 
Maturation was analyzed with a generalized linear mixed-effects model (GLMM) using 
the glmer() function under the lme4 package in R (v3.5.2, R Core Team 2018). I used a binomial 
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distribution with a logistic link function as appropriate for logistic regression analyses of binary 
data (i.e. maturity = 0 or 1) with a Laplace approximation (Bolker et al. 2009). The maximal 
model, fit by maximum likelihood, was used to estimate fixed effects, where treatment is 
considered a fixed effect, crossed with TL, a covariate, and lake is considered a random effect 
nested within treatment, with a random intercept and random slope across TL (Barr et al. 2013). 
Visual inspection of residuals did not show deviation from homoscedasticity and were normally 
distributed. P-values were obtained by likelihood ratio tests of the maximal model to the model 
without the fixed effect in question. Population-specific logistic regression equations were 
applied to length-frequency distributions to visualize the distribution of immature versus mature 
fish present in each population. 
Fulton’s condition factor (K) was log-transformed and visually inspected to ensure 
normality using a quantiles-quantiles plot of the residuals after analysis; six highly influential 
points (n = 4, K < 70; n = 2, K > 122) were removed from analysis. K was compared using a 
linear mixed-effects model under the lme4 package in R (Barr et al. 2013; v3.5.2, R Core Team 
2018). Lakes were assumed to not have random slopes across TL because K changes with size 
based on non-isometric growth morphology. Likewise, I also do not consider the treatment by 
TL interaction. I still controlled for TL as a fixed factor because the range of body sizes is not 
equal across all populations. TL was log-transformed to achieve linearity with log-K. The 
maximal model included treatment and log-TL as uncrossed fixed effects and lake with random 
intercepts. P-values were obtained by likelihood ratio tests of the maximal model against the 
model without the fixed effect in question. 
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Results 
Temperature, population structure, age, and growth 
Tmax was significantly higher in heated lakes (35.89 ± 0.87°C) relative to those in ambient 
lakes (29.05 ± 0.84°C; χ2(1) = 29.586, P < 0.0001; Figure 3.1). Visual inspection of length 
frequency distributions shows apparent differences in population structures between ambient 
(Figure 3.2 A-C) and heated populations (Figure 3.2 D-F). In ambient lakes, body sizes found 
during fall electrofishing ranges from 10 mm to 200 mm and the maximum ages observed were 
five to seven years old. Length frequency distributions in heated lakes show truncated size 
ranges from 30 mm to 170 mm. The oldest individuals observed in heated systems were three to 
five years old, whereas the bulk of the populations are zero to one years old. The two warmest 
lakes – Newton and Coffeen, with mean yearly maximum temperatures of 36.7 and 37.2 °C, 
respectively – showed particularly truncated size ranges relative to other heated lake, Clinton 
Lake, which has a mean yearly maximum temperature of 33.7 °C. 
CPUE in ambient lakes (6.964 ± 0.252 log2CPUE) was not significantly different than 
CPUE in heated lakes (6.612 ± 0.324 log2CPUE; χ2(1) = 0.622, P = 0.430; Figure 3.3A). Mean 
population age was significantly lower in heated populations relative to ambient populations (N 
= 6, df = 4, one-sided P = 0.043; Figure 3.3B), reflecting shorter lifespans in heated systems. As 
an indication of first year growth, age-0 size was significantly higher in heated lakes (N = 6, df = 
4, one-sided P = 0.006; Figure 3.3C). L∞ was not significantly different between treatments (N = 
6, df = 4, one-sided P = 0.450; Figure 3.3D), indicating that asymptotic size is similar between 
treatment types, but the proportion of bluegill greater than 160 mm in ambient lakes (RSD160 = 
24.496 ± 2.676) was significantly higher in ambient lakes than the proportion of those bluegill in 
heated lakes (RSD160 = 5.758 ± 3.506; χ2(1) = 19.387, P < 0.0001; Figure 3.3E) suggesting that 
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the number of fish that make it to large sizes is more than 4-fold lower in heated systems relative 
to ambient ones. In agreement with RSD160, TL at P90 was significantly lower in heated 
populations (140.1 ± 6.48 mm) relative to ambient populations (166.35 ± 4.58 mm; χ2(1) = 
13.373, P = 0.0003; Figure 3.3F). A difference of 26.1 mm represents substantially smaller 
attainable sizes in heated lakes, even though individuals may have the potential to grow just as 
large as in ambient populations (i.e. L∞ was not different).  
 
Maturation 
Along with differences in size and age, patterns of maturity were also different between 
ambient and heated populations. Populations of bluegill in ambient and heated lakes exhibited 
significantly different relationships between length and maturity (χ2(1) = 5.99, P = 0.014; Figure 
3.4). In ambient lakes, small fish are immature, but maturity increases rapidly with length, 
approaching 100 % maturity near the maximum asymptotic average length (180 – 200 mm) (β0 = 
-3.24 ± 0.92, β1 = 0.03 ± 0.01). In heated lakes, small fish have a high probability of being 
mature and remain so with increasing size but do not approach 100 % mature at any biologically 
relevant size (β0 = -0.20 ± 1.18, β1 = 0.003 ± 0.01). Populations within treatment types exhibit 
similar size-at-maturity relationships. To visualize rates of maturation across the bluegill 
population structure in each lake, population-specific logistic regression models were applied to 
length-frequency distributions (Figure 3.5 A-F). Although all population-specific logistic 
regression models were significant for ambient lakes (all P < 0.05; data not shown), logistic 
regression models were not significant in any of the heated populations (all P > 0.05; data not 
shown). It is evident that most large fish in ambient populations are reproductively active, 
whereas small fish are not (Figure 3.5 A-C). On the other hand, in heated lakes, a large portion of 
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smaller fish are reproductively active, whereas some large fish still remain immature (Figure 3.5 
D-F). 
Condition factor 
We found that K varied with length, but findings did not indicate poorer body conditions 
of heated populations at a given length. Overall, log-K was significantly and positively related to 
log-length (χ2(1) = 214.23, p < 0.0001; slope = 0.258 ± 0.016 log(mm)/log(g3)). However, log-K 
was not significantly different between ambient and heated populations (χ2(1) = 3.1535, P = 
0.076). 
 
Discussion 
Persistent environmental warming has been shown to result in population declines and 
collapses of aquatic invertebrates (Rilov 2016) and fishes (Pershing et al. 2015; Nicola et al. 
2018). Although migration allows species to maintain consistent temperature zones, organisms 
can utilize a variety of mechanisms to adjust life history strategies to warming environments, 
including acclimation and adaptation (Parmesan and Yohe 2003; Somero 2010). Rapid growth, 
smaller sizes, and early maturation may be more successful life history strategies as 
environmental temperatures warm (Kingsolver and Huey 2008; Arendt 2011) despite also being 
associated with early senescence (Pankhurst and Munday 2011). However, examples from 
experimentally warmed ecosystem are rare. I predicted that bluegill populations in artificially 
heated lakes would exhibit shifts in life history strategies towards rapid development, early 
maturation, and shorter lifespans due to the combination of warming and reduced food 
availability. I show evidence that bluegill populations in heated lakes consistently exhibit 
differences in life history strategies relative to populations in ambient lakes, including truncated 
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lifespans, faster growth, smaller body sizes, and earlier maturation, though the degree of change 
of some responses varied between lakes. 
Long-term monitoring of fish populations in situ has shown that increased environmental 
temperatures result in lower size-at-maturity (Jonsson and Jonsson 2004; Neuheimer and 
Grønkjær 2012). Here, bluegill populations living in above-ambient temperatures also exhibited 
lower size-at-maturity. Earlier maturation coupled with truncated size ranges of heated bluegill 
populations results in a much greater proportion of individuals being both small and mature. 
These results are also in keeping with theoretical expectations of lower size-at-maturity 
(Atkinson 1994; Berrigan and Charnov 1994; Arendt et al. 2011). Shortened lifespans and 
reduced size at maturity can detrimentally affect lifetime fitness. However, rapid growth due to 
temperature release (Houde 1989) allows individuals to reach maturity quickly. Previous 
research noted that bluegill sunfish at 34 °C grow less than half as fast as bluegill at 28 – 31 °C 
in a laboratory setting (Beitinger and Magnuson 1979). Despite heated lakes reaching and 
sustaining temperatures exceeding 34 °C for as much as two months during summer, growth was 
still enhanced in the first year. Enhanced growth, coupled with reduced winter severity, may 
dramatically shorten generation times and make up for lower fecundity. However, rapid growth 
has behavioral trade-offs and can increase risk for individuals, resulting in higher predation 
mortality (Hoyle and Keast 1987; Stoks et al. 2005). 
Research suggests that warming will lead to faster lifestyles in ectotherms, and these 
lifestyles will correspond with enhanced early growth but may also correspond to earlier 
senescence due to increased metabolic rates (Hsu and Chiu 2009; Biro and Stamps 2010; Goulet 
et al. 2017). Both small (< 40 mm) and large (> 170 mm) bluegill common in ambient lakes are 
not present in heated lakes by the fall. von Bertalanffy growth curves did not indicate that 
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asymptotic average length was different in heated lakes, however, 90th percentile length was 
consistently and significantly lower in heated populations. Age-frequency distributions reflected 
truncated lifespans in heated lakes, as evidenced by the significantly lower mean age of bluegill 
populations. These findings agree with previous work in bluegill populations in one of these 
heated lakes that show faster early growth, smaller maximum sizes, and reduced lifespan in the 
heated environment (Martinez et al. 2016). I expand these findings across multiple independent 
systems and show that life history strategies are clearly different under warming conditions. 
Future research should address if these changes are consistent in other species, and, importantly, 
if they are adequate to prevent negative impacts on both the target species (i.e. bluegill, here) as 
well as other species in situ. For instance, though CPUE was similar between ambient and heated 
lakes, the 90th percentile length in heated lakes would correspond to a 52-gram fish while the 90th 
percentile length in ambient lakes would correspond to an individual almost double the weight 
(92 grams), based on length-weight data from these lakes used to calculate K. These differences 
could have implications for bluegill success based on predation risk, energetic inefficiencies, and 
other factors, as well as potential trophic effects on species bluegill predate and those that rely on 
bluegill as a food source. 
Given significant differences in the size and lifespans of bluegill in heated lakes, it may 
be expected that size-at-maturation would differ in heated lakes as well, as otherwise few fish 
would reach the size that maturity usually occurs in ambient lakes (Hoxmeier et al. 2009). In 
ambient lakes, maturation followed expected logistic patterns where maturity approached 
asymptotic maximums (100 % maturity) at the maximum sizes present in those populations (190 
– 200 mm). In all three heated populations, maturation did not follow typical logistic patterns 
with length. Instead, maturity was linear, staying around 50:50 mature:immature across the range 
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of body sizes studied (60 – 180 mm). Bluegill grew faster and matured earlier within the first 
year in heated lakes, but in ambient lakes bluegill delayed maturation until the second or third 
year. Not all relatively large individuals in heated populations (i.e. > 150 mm) reached maturity, 
so thermal inhibition of reproduction of bluegill at extreme temperatures is clear. The 
mechanisms, however, remain unclear. At extreme temperatures, endocrine signaling has been 
shown to limit reproductive effort (Pankhurst and Munday 2011). Alternatively, limited food 
source has been shown to limit reproductive effort as well (Masclaux et al 2009; Gliwicz and 
Broavida 1996). Zooplankton are an important food source for bluegill, particularly for large 
adults (Werner and Hall 1988), and strong declines in energetically favorable large-bodied 
zooplankters such as daphnia (Mayer and Wahl 1997) are observed in these heated systems 
(Mulhollem et al. 2016). Reproduction is a very costly process so non-asymptotic maturation 
curves may be a result of large individuals experiencing unfavorable combinations of high 
metabolic costs (Gillooly et al. 2001) with declining food supply (Mulhollem et al. 2016). 
Competition-induced food limitation has been shown to result in declining condition factors of 
established populations in natural systems (Irons et al. 2007). However, I did not find evidence 
of lower condition factors in heated populations. Despite no difference in condition factors, food 
limitation may still be the limiting factor in the reproductive effort of bluegill in these extreme 
environments as it has been shown in some species that maintaining somatic mass may be 
prioritized above reproductive effort when metabolic requirements increase due to temperature. 
In the lesser sandeel, a capital breeder that develops eggs overwinter similar to bluegill sunfishes, 
mature adults sacrificed gonadal development to maintain somatic mass when overwintering 
temperatures were increased by 5 °C (Wright et al. 2017). Thus, larger bluegill in heated lakes 
may allocate available resources for maintenance costs rather than reproduction. These findings 
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warrant further investigation in discerning the relative contributions of temperature and 
biophysical limitations versus temperature-mediated food limitation in driving changes in body 
size and maturation rates. Alternatively, it is also possible that inconsistent maturation sizes in 
heated populations are a result of these populations not being at an evolutionary stable state, such 
that populations exhibit a range of less successful ancestral maturation strategies mixed with 
more successful adaptive strategies.  
Together, these findings provide empirical evidence that suggests climatic warming will 
enhance early life development rates of bluegill, allowing individuals to reach larger sizes 
through their first year. However, individuals will not grow as large and will mature at smaller 
sizes. Asymptotic average lengths suggest that the limited body size may be a result of many 
constraining factors rather than genetic limitations in size. For instance, in smaller fish that 
mature early, early maturation may limit energetic expenditure towards future growth, 
contributing to size limitations. Bluegill that happen to reach larger sizes may experience limited 
food resources that, coupled with increased energetic expenditure and basal metabolic 
requirements, limit further growth and reproductive output. Alternatively, significantly shorter 
lifespans may limit upward growth, though faster growth rates at warmer temperatures would 
alleviate this affect to some extent. Further research should address the relative contribution of 
energetic requirements and food availability to growth limitation as well as identifying the 
mechanism behind truncated lifespans, whether it be physiological constraints such as cellular 
metabolism or a response to environmental constraints such as increased predation mortality. 
 Bluegill sunfish are an important component of freshwater ecosystems and directly 
impact benthic and pelagic invertebrate communities (Hambright et al. 1986; Maezono and 
Miyashita 2003). Effects of climate change on bluegill population structure and life history 
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strategies may have indirect effects on ecosystem structure and resilience. Bluegill are size 
selective predators with optimal foraging rates based on their own body size and gape width 
(Werner and Hall 1974). Juvenile largemouth bass exploit larval bluegill as a critical prey source 
(Garvey and Stein 1998) while large adult bluegill escape predation vulnerability by largemouth 
bass by exceeding gape limitation (Hoyle and Keast 1987; Guy and Willis 1990). Changes in 
body size of bluegill may have various direct and indirect effects on ecosystem structure and 
trophic interactions. Shifts towards smaller maximum sizes may increase the susceptibility of 
bluegill to predation, while smaller reproductive sizes are associated with reduced fecundity and 
could affect the number of larval bluegill for juvenile bass to exploit. Faster early life growth 
may reduce the time that some zooplankton species are susceptible to predation by age-0 bluegill 
while increasing that time in others. However, bluegill are only one component of the aquatic 
ecosystems and it is likely that other species may see shifts in life history strategies as well. I 
believe that (1) similar analyses of other fish species in heated lakes would be useful in 
determining species-specific responses and resiliency to climate change and (2) more holistic 
assessments of fish and invertebrate communities should address if the productivity of aquatic 
systems remains stable under extreme temperature conditions. 
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CHAPTER 4: THE EFFECTS OF LIVING AT WARMER TEMPERATURES ON 
BEHAVIORAL EXPRESSION IN LARGEMOUTH BASS 
 
Abstract 
Many behaviors have differential fitness consequences across thermal and ecological 
contexts, indicating that both ecological shifts and warming temperatures induced by climatic 
change may alter how organisms behave. However, empirical evidence of temperature-driven 
behavioral selection in natural systems is lacking. We compared behaviors and behavioral 
syndromes related to activity, exploration, boldness and aggression in populations of largemouth 
bass (Micropterus salmoides) from ambient lakes to the those of populations from artificially 
warmed, power plant cooling lakes to investigate changes in behaviors associated with warmer 
environments. Juvenile largemouth bass were collected directly from source lakes, and activity, 
exploration, boldness, and aggression were assessed in laboratory conditions using a novel 
environment assay and a risky situation assay. We found that exploratory behavior was higher 
and decreased through first year ontogeny in largemouth bass populations from heated lakes, 
whereas exploratory behavior was lower and showed no relationship through ontogeny in 
populations from ambient lakes. We attribute these differences with the changes in food source 
availability in heated lakes associated with temperature driven ecological effects. Activity, 
boldness, and aggression tended to differ between populations, as did correlations between 
behaviors, but did not differ between ambient and heated lakes. The findings of this work 
identify that large ecological changes associated with warming environments, such as food 
availability, may drive changes in some aspects of behavioral expression in largemouth bass but 
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that other aspects of behavioral expression may be driven by lake-specific factors not related to 
warming.  
 
Introduction 
Increasing evidence across a range of taxa shows that behavioral expression has 
important fitness consequences (Réale and Festa-Bianchet 2003; Dingemanse et al. 2004; Sih et 
al. 2004b; Smith and Blumstein 2008; Ballew et al. 2017). Understanding how rising 
temperatures and ecological shifts in response to climatic changes shape behaviors has become 
increasingly important (Parmesan and Yohe 2003; Parmesan 2006; IPCC 2015; Zhao and Feng 
2015; Hayden et al. 2017). Behavioral expression is often context dependent but individual 
expression of behaviors can be consistent across these different contexts (Reale et al. 2007). 
Consistent behaviors of individuals can be categorized as behavioral ‘types’ or ‘traits’ that are 
expressed along several potential behavioral axes (Wilson et al. 1993; reviewed by Reale et al. 
2007). Of these types, activity level, exploration, aggression, and boldness are of particular 
interest due to their association with competitive success and fitness consequences (Biro and 
Stamps 2008; Smith and Blumstein 2008; Ariyomo and Watt 2012; Santicchia et al. 2018). 
These behaviors have been shown to be heritable in various taxa (Miczek et al. 2001; Drent et al. 
2003; Brown et al. 2007; Ariyomo et al. 2013; Ballew et al. 2017), and the consequences of 
behavioral expression are often trade-offs that are context dependent (e.g. Dingemanse et al. 
2004; Smith and Blumstein 2008). For instance, higher foraging activity and exploration of novel 
environments may increase the success of finding food in a resource limited environment (Fraser 
et al. 2001; Walters and Juanes 1993; Bowler and Benton 2005) but have high metabolic cost 
and result in increased exposure to predators (Careau et al. 2009; Le Galliard et al. 2013). 
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Aggressive individuals may have increased control of resources relative to conspecifics at high 
densities (Drummond 2001b) but lose time, energy, and mating opportunities at low densities 
(Johnson and Sih 2005; Duckworth 2006; Pruitt and Riechert 2012). Bolder individuals that are 
more likely to undertake risky actions such as foraging near a predator have been shown to grow 
faster and have higher reproductive success, but bold actions can result in increased mortality 
and therefore reduced lifetime fitness (Biro et al. 2006; Fraser and Gilliam 1987; Stamps 2007; 
Ballew et al. 2017).  
Though these behavioral types can be measured individually, they are often found to be 
linked (Sih et al. 2004a, 2004b; Sih and Bell 2008; Wilson and Godin 2009). That is, behavioral 
syndromes exist when interindividual variation between two or more behaviors tends to correlate 
across a population (Sih et al. 2004a; Bell and Sih 2007). Thus, individuals can have certain 
“personalities” or “temperaments,” such as bold individuals also tending to be exploratory, 
active, and aggressive (Biro and Stamps 2008; Stamps and Groothuis 2010; Bell et al. 2009). 
Recent evidence suggests that a potential overarching cause to behavioral correlations are 
physiological mechanisms such as metabolism (e.g. “pace-of-life syndrome” (POLS), Biro and 
Stamps 2010; Reale et al. 2010; “hot-cold axis”, Goulet et al. 2017). Recent work suggests a 
strong link between metabolic rate, energetically costly behaviors, and competitive fitness, such 
that a greater aerobic capacity promotes high energy behaviors that maximize food intake. In 
aquatic ectotherms these links are particularly important due to the strong relationship between 
metabolic rate and environmental temperature (Clarke and Fraser 2004). Therefore, under 
increasing environmental temperatures, individuals may be expected to undertake increasingly 
active, aggressive, bold, and exploratory lifestyles. However, as temperatures increase to above-
optimal temperatures, positive benefits of these lifestyles may diminish. Such effects have been 
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shown in the aggressive behavioral morph of the colonial spider Anelosimus studiosus. Spiders 
predisposed to being aggressive showed declining survival and reproductive success relative to 
the docile behavioral morph when temperatures exceeded that of their natural range (Goulet et al. 
2016). Though the mechanism is not clear, decreased survival and reproduction could be a result 
of unfavorably high behavioral activity that would decrease fitness, or an interaction with 
metabolic limitations such as high activity despite a declining aerobic scope (Kitchell 1977; 
Portner 2001).  
Although temperatures can directly affect behaviors, rising temperatures are also 
expected to have many ecological implications (Parmesan 2006; Hayden 2017). For instance, 
climate associated warming is predicted to reduce zooplankton, an early food source for larval 
fishes, through multiple mechanisms (e.g. Jiang et al. 2009; Alcaraz et al. 2014). This includes 
not only reductions in abundance but also further reductions in body size with shifts from large-
bodied species to small-bodied species (Hayden et al. 2017), which are less energetically 
favorable (Graeb et al. 2004). Ecosystem changes that result in food limitations favor more 
active individuals that spend more time foraging (Walters and Juanes 1993; Biro and Stamps 
2010) and that disperse further to find new forage patches (Bowler and Benton 2005). Both 
foraging and dispersion are related to increased activity level and exploration behaviors (Fraser 
et al. 2001; Biro and Stamps 2010). Thus, anthropogenic warming may impact behaviors through 
community changes as well as through direct temperature interactions.  
Though growing evidence suggests that both temperature and community composition 
shape behavioral expression, these are often considered separately (e.g. Fraser and Huntingford 
1986; Fraser et al. 2001; Bell 2005; Dingemanse et al. 2004; Bell and Sih 2007; Pruitt et al. 
2011; Forsatkar 2016). We argue that it is important to understand how a myriad of changing 
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abiotic and biotic factors associated with anthropogenic warming may shape behavioral ecology 
(e.g. Goulet et al. 2016). There are still few works that address behavioral success in a natural 
setting (Mittelbach et al. 2014) and this is especially true within the context of anthropogenic 
warming. A major limitation to addressing these topics is the capacity to manipulate ecosystems 
within a natural setting. We use power plant cooling lakes which have experienced year-round 
elevated temperatures for many decades to address the topic using a holistic approach 
(Mulhollem et al. 2016).  
The largemouth bass is an ideal model organism for studying behavioral changes in an 
ectotherm in response to increased temperature regimes because they are common to inland 
waters, have well-studied predator-prey relationships (Hambright et al. 1986; Gabelhouse 1987), 
and are both ecologically and recreationally important. Individual largemouth bass have been 
shown to express behavioral traits such as exploration-avoidance and bold-shy consistently 
across contexts (Fleming and Johansen 1984; Nannini et al. 2012; Ballew et al. 2017). Further, 
largemouth bass feeding ecology would likely be influenced by the changes present in heated 
lakes, as largemouth bass are dependent on zooplankton at an early post-larval stage, though they 
switch to piscivory around 50 mm (Olson 1996). Finally, their physiological responses to 
temperature are also well understood (Niimi and Beamish 1974; Rice et al. 1983). Ambient lakes 
in central Illinois infrequently exceed 30 °C (Mulhollem et al. 2016), just 2 °C above the 
preferred optimum temperature of largemouth bass (28 °C; Rice et al. 1983). Energy availability 
begins to diminish sharply once temperatures exceed thermal optima (Beamish 1970; Niimi and 
Beamish 1974; Rice et al. 1983). However, heated lakes spend 100+ days above 30 °C, peaking 
at 35 – 37 °C (Mulhollem et al. 2016). These temperature differences would bring largemouth 
bass into a temperature range of declining aerobic scope for a substantial period during the 
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summer (Rice et al. 1983). Previous studies comparing these lakes to ambient lakes show that, in 
addition to elevated temperatures, there is a dramatic reduction in the abundance of large-bodied 
zooplankton throughout the growing season, shifting the zooplankton community towards 
smaller, less energetically favorable species (Mulhollem et al. 2016). As a result, these lakes 
represent a combination of both abiotic and biotic changes that are associated with anthropogenic 
warming, thus integrating a myriad of complex, interactive selective pressures on these fish 
populations for decades.  
We hypothesized that behavioral expression in largemouth bass is adaptive and therefore 
persistent heating has led to consistent behavioral differences between ambient and heated 
populations. We predict that 1) the differing ecological conditions in heated lakes will promote 
individuals that are predisposed to be more active and exploratory because of food limitations, 2) 
physiological constraints in warmer systems will promote individuals that have less energetic 
demands and therefore lower aggression and boldness, and 3) that correlated behavioral types 
may no longer produce the optimal trait combinations (Dingemanse et al. 2007) in heated lakes. 
Specifically, if exploration increases while boldness and aggression decrease, behavioral 
syndromes may become dissociated as the adaptive hypothesis predicts (Bell 2005). 
 
Methods 
Lakes 
Due to a combination of direct and indirect ecological effects that climatic warming is 
predicted to have (IPCC 2015), the sum result of many changing factors is difficult to predict 
when factors are considered individually. In this study we considered power plant cooling lakes 
as replicated, independent systems that model the thermal effects of climatic warming. 
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Thermally influenced lakes used were all established between 40 and 60 years ago and have been 
persistently heated by discharge from electrical power stations located adjacent to the lakes. 
These are ideal systems to investigate whether climate-associated warming drives behavioral 
preferences in fish because temperatures in these lakes have been elevated to temperatures 
similar to what is predicted by the end of the 21st century by global projections models (i.e. +5 
°C, RCP8.5, IPCC 2015) for the last 40 – 60 years. We used young of year (YoY) largemouth 
bass from three heated lakes (Clinton Lake, DeWitt, IL; Lake Coffeen, Coffeen, IL; Newton 
Lake, Newton, IL) to investigate patterns of ecologically relevant foraging behaviors in heated 
populations. We compared behaviors of YoY bass in heated lake populations to those in three 
nearby, size-matched ambient temperature reservoirs (Forbes Lake, Kinmundy, IL; Mill Creek 
Lake, Marshall, IL; Lake Shelbyville, Sullivan, IL). These six lakes are geographically localized 
within 200 km of each other in any direction, and land use practices (highly agricultural), 
rainfall, ambient temperature, incident light, and other environmental factors are putatively 
similar.  
 
Fish collection and acclimation 
Fish were collected from lakes via beach seining (2 m high × 10 m wide) at randomly 
selected sites across at least 3 30-m shoreline seine pulls per lake during the summer period (late 
June – August). At collection, sizes ranged from 30 – 80 mm TL depending on the lake and date, 
though each sampling effort typically had a 20 – 40 mm range. After each collection, fish were 
transported to the Sam Parr Biological Station (Kinmundy, IL). Each population was housed in 
separate 1000-L tanks on a recirculating flow-through system held at room temperature (23 °C). 
Fish were pellet trained to a commercial diet (AES brand) and fed ad libitum once daily. Fish 
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were acclimated to laboratory conditions for at least 2 weeks prior to use in behavioral 
observations. All study procedures adhered to the University of Illinois at Urbana-Champaign 
Institutional Animal Care and Use guidelines and the ABS/ASAB guidelines for ethical 
treatment of animals. 
 
Experimental setup 
The experimental apparatus consisted of a 106-L (0.76 x 0.30 x 0.46 m) glass aquarium 
with 3 white-painted sides surrounded by a blind. The aquarium contained a small chamber (0.25 
x 0.30 x 0.46 m) separated from the larger area (0.51 x 0.30 x 0.46 m) with a removable opaque 
divider. Prior to behavioral observations, randomly selected individual largemouth bass were 
netted from the main tank and placed in a 106-L glass holding aquarium for 24 hrs and food was 
withheld. Individuals were then gently netted from the holding tank and quickly transferred to 
the small chamber within the experimental apparatus. Only one individual was tested at a time. 
Fish were left to acclimate to the new conditions for 5 minutes. After 5 minutes, the top half of 
the opaque divider was pulled 6 cm away from the bottom half via a remote pulley behind the 
blind. After 20 minutes, the entire top half of the opaque divider was removed via the pulley; this 
concluded the ‘exploratory’ trial. In this trial, measures relating to activity and exploration were 
quantified (described in detail below). Fish were left for another 10 minutes to condition 
themselves to the altered tank environment. After this period, we began a ‘risky situation’ trial to 
measure boldness and aggression (described in detail below) which involved both a predatory 
threat and a food item, as measuring boldness requires both a risk and a reward (Van Oers et al. 
2004b; Klefoth et al. 2011). To accomplish this, we measured the behavioral responses of 
largemouth bass after the simultaneous introduction of a live prey (mosquitofish; Gambusia 
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affinis; 10-15 mm TL) and a simulated predator. The simulated predator was a 13.3-cm 
muskellunge (Esox masquinongy) painted lure which was suspended 10 cm above a 15 mL glass 
vial containing the live mosquitofish (Gambusia affinis; 10-15 mm TL) via clear monofilament 
fishing line. To introduce the prey and simulated predator, they were dropped in free-fall from 40 
cm above the tank via a remote pulley, creating a disturbance. The vial was attached such that 
the simulated predator was suspended 10 cm directly above the prey. Fish were left for another 
20 minutes, which concluded the ‘risky situation’ trial. The entire 55-minute trial was recorded 
on a GoPro Hero4 (GoPro, Inc., San Mateo, California, U.S.A.) video camera. At the end of the 
trial, fish were removed from the tank and length was measured, then were euthanized with a 
lethal dose of MS-222. At the time of behavioral observations, fish ranged from 52 – 102 mm 
(Fig. 1). Overall, size ranges overlapped well between all lakes and sample sizes ranged from n = 
13 – 29 depending on availability of fish but were similar between heated (n = 19, 22, 29) and 
ambient lakes (n = 13, 14, 26). 
We did not examine whether behaviors by individuals were repeatable across time (i.e. 
‘personalities’; Reale et al. 2007). However, measures of locomotory activity, exploration, and 
aggression in juvenile largemouth bass under non-risky laboratory conditions as well as boldness 
in juvenile largemouth bass under risk in laboratory assays have been shown to be repeatable 
when using similar methods (Nannini et al. 2012; Ballew et al. 2017). These findings suggest 
that individual measures of these behaviors in juvenile largemouth bass are not likely to be 
random. Further, our statistical methods (see “Statistical analysis”) utilize individual measures of 
behavior as subsamples to estimate the error around populations, which is then used to test the 
effect of the treatment (ambient versus heated). Because our independent unit tested in our 
hypothesis is the population, the lack of repeated measures is acceptable for our purposes. 
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Quantification of behaviors 
All behaviors were quantified manually from video playback on a computer by a single 
observer. During the exploratory trial, we measured the time it took an individual to emerge from 
the small container to the novel side of the tank (exploratory latency), the number of times it 
crossed the door (door crosses), the percent of time spent swimming (time active), the percent of 
time spent in the top half of the water column (upper column use), and the percent of time spent 
in the novel side of the tank (novel side use). Exploratory latency was defined as the time at 
which the individual’s entire body first crossed the door and door crosses were defined as the 
number of times during the 20-minute trial that an individual’s entire body crossed either from 
the small side to the large side of the tank or back. Time active, novel side use, and upper column 
use were estimated from 10 instantaneous time points at regular 2-minute intervals starting at 1 
minute and are expressed as a percent. An individual was defined as active if it propelled itself 
forward with the caudal fin within 1 second before or after a designated time point. If an 
individual could not be observed due to the opaque divider, which blocked a small area from the 
view of the camera, it was counted as inactive. 
During the risky situation trial, we measured the time it took an individual to resume 
activity (identified as engaging the caudal fin) after the simulated predator and prey were 
dropped into the tank (startle latency). We also measured the latency to inspect the predator 
(predator latency), the total number of predator inspections (no. of pred. inspections), the latency 
to inspect the prey (prey latency), the total number of prey inspections (no. of prey inspections), 
the latency to strike at the prey (strike latency), and the total number of strikes at the prey (no. of 
strikes). An inspection was defined as a saltatory movement towards the object (Wilson and 
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Godin 2009) while within the 1/3rd of the tank containing the simulated predator and prey, 
whereas a strike was defined as making contact with the glass vial. 
 
Statistical analysis 
 All statistical analyses were done in JMP (Version 13, SAS Institute, Cary, NC, U.S.A.) 
and R (R Core Team 2018). We used separate PCAs to summarize activity, exploration, 
aggression, and boldness from the measured responses identified above (Bell 2005; Dingemanse 
et al. 2007; Wilson and Godin 2009; Wilson et al. 2010; Cote et al. 2010). Doing so reduces 
problems with multiple comparisons, especially since many measured behaviors here can be 
interdependent (e.g. strike latency and no. of strikes) and because using multiple measures of 
behavior within the context of novel environment and object tests has been shown to be a more 
robust way to assess behavior (e.g. boldness, White et al. 2013). 
Activity and exploration were estimated from the ‘exploratory’ trial. Activity was 
measured using time active, upper column use, and door crosses, which all loaded strongly and 
positively, and explained 53.0% of the variation (Table 1). Exploration was measured using 
exploratory latency and novel side use, which loaded strongly and inversely and explained 
80.2% of the variation (Table 1). Boldness was measured using startle latency, predator latency, 
no. of pred. inspections, prey latency, and no. of prey inspections. These all loaded strongly (≥ 
0.40) with similar weights. For both predator and prey inspections, the number of inspections 
loaded negatively with inspection latency. Overall, PC1 explained 55.6 % of the variance in the 
data. In this case individuals that took longer to move after being startled as well as took longer 
to inspect the simulated predator had higher scores. To make interpretations more intuitive, we 
inverted the PC1 scores such that bold fish would have a higher ‘boldness’ value. Lastly, 
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aggression towards an interspecific prey, which is related to intraspecific aggression 
(Huntingford 1976), was measured using strike latency and the no. of strikes, which loaded 
strongly and inversely on PC1 (0.707, -0.707 respectively) and explained 83.6 % of the variation. 
We tested for differences in behavioral scores for activity, exploration, and boldness 
using linear mixed effects models with the lmer() function under the lme4 package in R. 
Parameter estimates of fixed effects on each behavior were estimated with a maximal model fit 
by maximum likelihood. In the maximal model, TL, treatment, and their interaction were fixed 
effects and lake nested within treatments was a random effect with random intercepts and 
random slopes across TL (Bates et al. 2015). Visual inspection of residual plots did not show 
deviation from homoscedasticity and residuals were normally distributed. To determine if TL or 
treatment were significant, likelihood ratio tests of the maximal model to models lacking the 
fixed effect in question were used.  
Because aggression scores were non-normal, differences in aggressive behavior were 
tested using a generalized linear mixed model (GLMM) with the glmer() function under the lme4 
package (Bates et al. 2015) in R (R Core Team 2018). The same maximal model as in LMMs 
was tested with a gaussian distribution, a logarithmic link function, and a Laplace approximation 
(Bolker et al. 2009). To fit this function, aggression scores were adjusted upwards such that the 
minimum score was 0, then log(x+1) transformed. However, models including TL as a fixed 
effect and the interaction of TL with lakes failed to converge. We began dropping TL from the 
maximal model starting with the fixed effect, then the random interaction effect, until we arrived 
at the maximal estimable model (Bates et al. 2015). The maximal model in this case included 
treatment as a fixed effect and lakes nested within treatment as a random effect with random 
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intercepts. Maximum likelihood ratio test was used to compare the maximal model against a 
model without treatment to determine if treatment was significant. 
To assess whether different populations of largemouth bass may express different 
behavioral syndromes, we calculated correlation coefficients among each behavioral type within 
each population (e.g. Bell 2005; Dingemanse et al. 2007; Wilson et al. 2010). Because 
aggression was non-normally distributed, we calculated Spearman’s nonparametric correlation 
coefficient (ρ) (Rice 1989). To compare across ambient and heated populations, we used the 
estimated ρ for each lake as a single data point for each behavioral correlation, applied a Fisher’s 
Z-transformation to transform ρ values from a non-normal distribution of ˗1 – 1 to a normal 
distribution and asked whether correlations in the three heated lakes (n = 3) differed from those 
in ambient lakes (n = 3) using a 2-tailed Student’s T-test. Statistical significance was inferred 
after a Bonferroni correction was applied if P < 0.008. 
 
Results 
Behavioral Types 
Activity differed between ambient and heated lakes. The maximal model was 
significantly better than a model lacking the interaction between treatment and size (χ2(1) = 3.72, 
P = 0.053), indicating that the relationship between size and activity differs between treatments 
(Figure 1). Estimated fixed effects of the maximal model show that activity is relatively low in 
ambient fishes (y-int = -0.652 activity score) with relatively little difference in activity across 
sizes (slope = 0.009 activity score/mm), whereas heated fishes show a higher initial activity at 
small sizes (y-int = 3.583 score) but with activity declining more rapidly with increased size 
relative to ambient fishes (slope = -0.037 activity score/mm).  
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Exploration showed similar patterns to activity. The maximal model was significantly 
better than a model lacking the interaction between treatment and size (χ2(1) = 4.329, P = 0.038), 
indicating that the relationship between size and exploration also differs between treatments 
(Figure 2). Estimated fixed effects of the maximal model show that exploration is relatively low 
in ambient fishes (y-int = -0.262 score) with relatively little difference in activity across sizes 
(slope = 0.003 score/mm), whereas heated fishes show higher initial exploratory behaviors at 
small sizes (y-int = 3.873 score) but with exploration declining more rapidly with increased size 
relative to ambient fishes (slope = -0.045 score/mm).  
Boldness and aggression did not differ between treatment type. For boldness, the 
maximal model was not significantly different than a model lacking the interactive term between 
treatment and size (χ2(1) = 0.192, P = 0.662). The main effects of size (χ2(1) = 1.060, P = 0.303) 
or treatment (χ2(1) = 1.145, P = 0.285) were not significant (Figure 3). For aggression, the 
maximal model containing the treatment effect was not significantly better than the model 
lacking the treatment effect (χ2(1) = 0.229, P = 0.632; Figure 4). 
 
Behavioral Syndromes 
Spearman’s ρ differed between lakes, even within treatments, indicating that largemouth 
bass can have lake-specific behavioral syndromes (Table 2). Correlations between exploration 
and activity were only observed in Lake Shelbyville and Newton Lake after Bonferroni 
correction (P < 0.008), though they were strong in Forbes Lake and Clinton Lake (P < 0.05). 
There was no significant correlation between aggression and activity or aggression and 
exploratory behaviors (P > 0.05 for all lakes). Clinton Lake was the only lake with a significant 
correlation between boldness and activity (P < 0.008). Newton Lake, Lake Shelbyville, and 
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Forbes Lake showed strong correlations between boldness and exploratory behaviors (P < 0.05), 
but Mill Creek (P = 0.47), Clinton Lake (P = 0.39), and Coffeen Lake (P = 0.07) did not, though 
none were significant at α = 0.008. Mill Creek Lake was the only lake to show a significant 
correlation between boldness and aggression (P < 0.008). 
Student’s T-test of estimated Spearman’s ρ were conducted between ambient and heated 
populations. All comparisons between ambient and heated populations were non-significant (P > 
0.008), indicating that while behavioral correlations can differ across populations, chronic 
warming was not a significant driver of behavioral correlations. Estimated correlations between 
activity and aggression were consistently positive in ambient lakes but negative in heated lakes, 
which resulted in a low but non-significant P value (P = 0.04) when comparing between ambient 
and heated populations. In support of a non-significant conclusion, Spearman’s ρ between 
activity and aggression was not significant for any individual population despite consistent 
directionality within treatments, indicating that consistent directionality within treatments was a 
product of randomness. 
 
Discussion 
Our findings support the hypothesis that largemouth bass populations living in warmer 
conditions have differing behavioral predispositions. Specifically, our prediction that exploratory 
behaviors of largemouth bass in heated systems would be increased relative to those in ambient 
systems was confirmed. Activity had a similar pattern but was not statistically different between 
systems. However, other predictions were not supported. We found no differences between 
thermal environment and behaviors associated with boldness and aggression, though behavioral 
expression did vary between populations. We also found no support for our prediction that 
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behavioral syndromes would be consistently different in heated lakes relative to ambient lakes. 
These results suggest that environmental warming predicted by global climate change could 
affect change along some behavioral axes but, for other behavioral axes, system-specific 
environmental variation may continue to play a more important role.  
We found that exploration was related to size for individuals in heated lakes but not for 
individuals in ambient lakes. In heated populations, individuals displayed relatively higher 
exploration scores than individuals from populations in ambient lakes at small body sizes (< 80 
mm). Exploratory behaviors can influence dispersal patterns of various taxa (Bowler and Benton 
2005) and have been shown to influence feeding strategies in largemouth bass and bluegill 
sunfish (Wilson and Godin 2009; Nannini et al. 2012; Nannini and Wahl 2016). Exploratory 
largemouth bass have been shown to be less selective in their diets and consume more food 
(Nannini et al. 2012). Therefore, individuals with a high exploratory score could have a 
competitive advantage in finding food in natural systems with limited resources. However, 
exploratory behaviors consistently showed a decline with increasing size. Although there are few 
studies on exploratory behaviors through ontogeny (see Favati et al. 2016 for exception), there is 
precedent for behaviors to shift through ontogeny in a range of taxa (Stamps and Groothuis 
2010), particularly at developmental milestones in a manner that maximizes fitness (Niemelä et 
al. 2013). At the smallest sizes used in our study, largemouth bass feed primarily on zooplankton 
(Olson 1996). Heated lakes used in this study have been documented to have lower abundance of 
especially large bodied zooplankton (Mulhollem et al. 2016) that are needed for rapid growth 
during the early life stages of fishes (Graeb et al. 2004). However, largemouth bass undergo a 
second major ontogenetic diet shift around 50 mm, where individuals shift from a diet composed 
of mostly zooplankton to a diet composed largely of benthic invertebrates and piscine prey items 
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(Olson 1996). These prey types are not different between heated and ambient lakes (White; 
unpublished data). Therefore, either a greater capacity to find highly limited zooplankton or an 
earlier switch away from zooplankton to a novel food source would be beneficial. This may 
explain why activity and exploration is higher in small juvenile largemouth bass from heated 
lakes. 
Declining exploratory behavior through development could be the result of a few 
possibilities. First, ontogenetic declines in exploratory behavior may be beneficial if, after a 
switch to piscivory, it limits future energetic expenditures in a heated environment, as sub-
optimal temperatures approach thermal tolerances and promote declining aerobic scopes (Rice et 
al. 1983). Secondly, exploratory behaviors may be maladaptive once individuals approach the 
preferred prey size range of adult predators. Thus, foraging trade-offs in heated lakes may favor 
individuals that can be exploratory at early life stages but non-exploratory during later life 
stages, producing the negative relationship between exploration and size we observed for heated 
lakes. However, it is unclear what mechanism(s) are driving the difference in exploratory 
behavior that we observed. Various foraging-related behaviors including boldness and 
exploration have been shown to be heritable traits (Bell 2005; Brown et al. 2007; Ariyomo et al. 
2013; Kortet et al. 2014; Ferrari et al. 2016), including largemouth bass (Ballew et al. 2017). 
Heritability of behavioral traits has been found to be low in some species (Bell 2005; Kortet et al. 
2014) though high in others (Ariyomo and Watt 2012; Ferrari et al. 2016). Specifically, the 
heritability of boldness was high in largemouth bass (Ballew et al. 2017). Still, inheritance of 
exploratory behaviors in zebrafish has been tied to maternal effects (Wisenden et al. 2011), 
which indicates that transgenerational epigenetics could also play a role in determining 
exploratory behaviors. Alternatively, Trinidadian guppies show that boldness and exploratory 
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behavior at early maturity (56 days) are influenced by early life experiences in food supply, 
where unpredictable food availability leads to bolder and more exploratory behaviors (Chapman 
et al. 2010). Behaviors can also be learned through interactive experiences. In stickleback, a 
correlation between boldness and exploratory behaviors can be learned by introducing a naïve 
population to high mortality by a predator, though predation mortality during this process also 
selects for the syndrome (Bell and Sih 2007). The breadth of mechanisms through which 
behaviors can be altered highlights the importance of using natural systems when investigating 
the role that anthropogenic warming may have in shaping behavioral ecology. 
Despite the difference in exploratory behaviors observed between heated and ambient 
lakes, we observed no evidence of consistent differences in boldness, aggression, or patterns of 
behavioral syndromes between treatment types. This is somewhat surprising given the difference 
in the thermal environments. While temperature undoubtedly plays an important role in 
behavioral expression of boldness and aggression through phenotypic plasticity (Pruitt et al. 
2011; Forsatkar et al. 2016; Goulet et al. 2017a; Goulet et al. 2017b), predictive mechanisms 
beyond phenotypic plasticity that can influence later-life behaviors such as developmental, 
ontogenetic, and transgenerational plasticity (Champagne 2010a,b; reviewed by Stamps 2016) or 
genetic adaptation (Ballew et al. 2017) may not be particularly beneficial in these warmer 
environments for behaviors other than exploration. This could be a result of at least two reasons. 
First, predictive plasticity mechanisms are suggested to be adaptive when they can predict later-
life or offspring environmental scenarios with increased certainty (Herman et al. 2014), so it may 
be that declines in zooplankton are the only directionally consistent ecological change in 
response to warmer temperatures that influences the success of behaviors studied herein. 
Increased temperatures are expected to result in increased predation, necessitating a decline in 
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boldness (Bell 2005; Dingemanse et al. 2007), yet empirical evidence of increased predation co-
occurring with increased temperature is inconsistent (Grigaltchik et al 2012, Frances and 
McCauley 2018, El-Danasoury et al 2018). Therefore, ecological changes that would affect 
boldness, for instance, may not be present. Instead, interactions that would be most likely to 
affect boldness and aggressiveness (i.e. predation and competition) in these heated systems are 
affected by a range of complex factors including the community of other species and therefore 
how each species responds to warmer temperatures (Dell et al. 2014). Further, our prediction that 
largemouth bass would benefit from lower boldness and aggressiveness in warmer environments 
assumes that aerobic scope is limited at above-optimal temperatures (Farrell et al. 2008; Portner 
and Farrell 2008). While a declining aerobic scope is a clear outcome during transient 
temperature increases (Portner 2001), there is evidence that ectotherms such as lizards and fish 
can metabolically adapt to sub-optimal temperature regimes within evolutionary (Hare et al. 
2010) and generational (Donelson et al. 2012) timeframes. Recent evidence in fishes suggests 
that adaptive and/or plastic metabolic regulation allows populations at chronically warmer 
temperatures to maintain adequate aerobic scopes at above-optimal temperatures (Donelson et al. 
2012; Sandblom et al. 2014; Sandblom et al. 2016). Thus, when populations are heated on 
generational timescales, bold and aggressive behaviors may not be directly driven by 
temperature but rather remain driven by system-specific factors such as predator abundance 
(Fraser et al. 2001; Bell 2005; Biro et al. 2007), intraspecific competition (Nishikawa 1985; 
Wildy et al. 2001; Hodge et al. 2009; Thomas et al. 2005), food and habitat availability (Ehlinger 
and Wilson 1988; Kobler et al. 2011; Santicchia et al. 2018), and even anthropogenic factors 
such as angling (Cooke et al. 2007; Uusi-Heikkilä et al. 2008; Nannini et al. 2011). Alternatively, 
it must also be considered that activity and exploration may be the only behaviors largemouth 
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bass can adapt in this time frame, where adaptation of boldness, aggressiveness, and their 
behavioral syndromes may be hindered such as by genetic constraint, selection pressure, or the 
short ecological timeframe in which these populations have been exposed to elevated 
temperatures. 
The exploration-boldness syndrome persisted in most but not all populations and was not 
related to whether a lake was heated. However, our results confirm that there can be high 
intraspecific variability in behavioral types and syndromes between largemouth bass populations, 
though there appeared to be common syndromes (i.e. activity and exploration, exploration and 
boldness) present in most lakes. As lakes can act as microcosms with ecological variability 
across them (Forbes 1887), our findings that largemouth bass populations can differ in their 
personalities and syndromes may be as unsurprising as they are relevant. Despite interest in 
largemouth bass behaviors as it relates to reproductive success (Ballew et al. 2017), angling 
success (Philipp et al. 2009), and the ecological consequences of behavioral selection (Nannini et 
al. 2011), and the importance that behaviors have on fitness (Biro and Stamps 2008; Smith and 
Blumstein 2008; Ariyomo and Watt 2012; Santicchia et al. 2018), few studies have characterized 
behaviors across populations within fish species (Brown and Braithwaite 2004; Brown et al. 
2005; Dingemanse et al. 2007; Magnhagen and Borcherding 2008; Archard and Braithwaite 
2011). Some personality types and syndromes may be more suitable for changing conditions (Sih 
et al. 2004b), so species with a wider variability of behaviors may experience increased success 
during climatic changes (Cote et al. 2010; Sih et al. 2011). The fact that populations exhibited 
different behavioral syndromes may then bode well for largemouth bass but also help explain 
their increasing invasiveness (Fogarty et al. 2011). 
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We attribute a shift in exploratory behaviors with size in largemouth bass populations 
from warmer environments to the changing ecological conditions inherent to warming, 
specifically a decline in early food source availability. As heated lakes in our study system 
exhibit ecological changes predicted with warming environments, it appears that exploratory 
behaviors may be particularly beneficial for coping with declining food sources. Yet, we found 
that simple predictions about how behaviors respond to environmental change were not sufficient 
to understand changes related to anthropogenic warming for largemouth bass. Having a wide 
behavioral breadth might allow populations to adapt to environmental change that accounts for 
the system-specific differences in which these populations reside. 
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CHAPTER 5: GROWTH AND PHYSIOLOGICAL RESPONSES TO 
ENVIRONMENTAL WARMING IN LARGEMOUTH BASS POPULATIONS 
INHABITING CHRONICALLY HEATED ENVIRONMENTS 
 
Abstract 
Ectotherms are particularly susceptible to increasing environmental temperatures 
associated with anthropogenic warming. Supra-optimum temperatures lead to declining aerobic 
capacity and can increase exposure to lethal temperatures, resulting in reduced growth and 
fitness. Although the capacity of phenotypic plasticity to minimize the thermal impact on 
physiological processes is well studied, evidence of generational changes (e.g. transgenerational 
plasticity and rapid adaptation) in response to environmental heating is limited in natural 
populations. I investigate metabolism, growth, and thermal tolerance of largemouth bass 
populations inhabiting thermally altered lakes (i.e. power plant cooling lakes) that have year-
round elevated temperatures regimes and exhibit supra-optimum temperatures on a yearly basis 
and compare these traits to those in largemouth bass populations from ambient lakes. 
Largemouth bass from ambient and heated groups (n = 3 populations per group) were spawned 
in an ambient, common garden pond environment, then acclimated to either a normal 
summertime temperature (24 °C) or a supra-optimum temperature (30 °C). Relative to ambient 
populations, fish from heated populations had significant reductions in the resting metabolic rate 
at both temperatures and markedly increased growth rates at 30 °C. By comparing pond-raised 
fish to fish removed directly from heated lakes, I show that developmental plasticity played little 
role in establishing the metabolic rate. A lower resting metabolic rate contributed to an increase 
in the conversion efficiency of food to biomass of largemouth bass from heated lakes, regardless 
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of temperature. Despite inhabiting heated lakes for many decades, neither critical thermal 
maximum nor minimum were altered in heated populations when raised in a common garden 
environment. These results suggest that largemouth bass can lessen sub-lethal effects of 
environmental warming by altering physiological processes to preserve aerobic scope and that 
these changes are generationally transient, but that changes in maximum thermal tolerance in 
response to warming is limited to phenotypic plasticity. 
 
Introduction 
Climate-associated warming is a pervasive issue with systemic effects across many 
ecosystems. Ectotherms in tropical and temperate ecosystems already experience maximum 
temperatures close to or beyond their thermal performance optima (Deutsch 2008; Sunday et al. 
2012; Rummer et al. 2014), and models predict continued rising temperatures upwards of 5 °C 
by 2100 (RCP8.5; IPCC 2015). As a result, future climate warming is predicted to have 
deleterious effects on physiological functions in many fishes (reviewed by Whitney et al. 2016). 
Various mechanisms allow both acclimation and adaptation to changing environmental 
temperatures. Responses of individuals to acute warming are well described (i.e. phenotypic 
plasticity, developmental plasticity; Parmesan and Yohe 2003; Stillman 2003; Schaefer and Ryan 
2006; Hofmann and Todgham 2010; Donelson 2011); however, generational effects are not as 
thoroughly studied. Recent works in tropical reef fish show that epigenetic mechanisms (a.k.a. 
“transgenerational plasticity”) can play a significant role in increasing the success of offspring in 
a warming environment (Donelson 2012; Salinas and Munch 2012; Donelson 2016). Evidence of 
rapid genetic adaptation (a.k.a. rapid evolution; Smith et al. 1983; Reznick and Ghalambor 2001) 
in response to warming environments has only been documented in a few fish species (Meffe et 
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al. 1995; Haugen and Vollestad 2000; Kovach et al. 2012; Crozier et al. 2014). Thus, my 
understanding of generational adaptation to warming temperatures in fish is limited. Far more 
research, particularly in natural populations, is needed to understand the extent to which 
generational change is possible, especially in actively managed species such as largemouth bass 
(Micropterus salmoides), in order to understand the long-term consequences of climate warming. 
Upon reaching supra-optimal temperatures, there are deleterious effects on 
cardiorespiratory processes and energetic balance, thus limiting success (Farrell et al. 2008; 
Steinhausen et al. 2008; Pörtner et al. 2008; Leung et al. 2017). As temperatures exceed thermal 
optima, resting metabolic costs (ṀO2rest; Rolfe and Brown 1997) rise faster than maximum 
metabolic rates (ṀO2max; Pörtner 2001), creating a declining aerobic scope (AS; defined as 
ṀO2max - ṀO2rest; e.g. Sandblom et al. 2014). AS is the energetic capacity dedicated to processes 
such as digestion, locomotion, reproduction, and growth (Brett 1971; Reidy et al. 2000; Guderley 
and Pörtner 2010; Clark et al. 2011). Because of declining AS, supra-optimal temperatures 
generally result in lower growth, consumption, and success of fishes (Handeland et al. 2008; 
Pörtner and Harrell 2008). Adaptation towards larger AS in warm temperatures may be a 
particularly beneficial physiological change in natural populations. Further, AS has been 
hypothesized to be the leading factor in limiting critical thermal tolerances, where maximum 
tolerance is the point at which ṀO2rest is equivalent to ṀO2max and the AS is zero (Pörtner 2001; 
Pörtner and Knust 2007; Clark et al. 2008). Thus, adaptations that preserve the AS at supra-
optimal temperatures may impart a fitness advantage across many physiological processes 
including growth, performance, and temperature tolerance (Pörtner et al. 2008; Arnott et al. 
2006; Sandblom et al. 2014; Donelson 2016). However, ṀO2max has been shown to be an 
inflexible trait, even across populations that inhabit very different thermal regimes (Hoffman et 
103 
 
 
al. 2013). Therefore, the capacity to reduce ṀO2rest may be particularly beneficial in populations 
that experience chronically warmer environments (e.g. Sandblom et al. 2016). 
There is some emerging evidence that species can reduce ṀO2rest and therefore increase 
AS under thermal stress (Donelson et al. 2012; Sandblom et al. 2014; Sandblom et al. 2016). For 
example, shorthorn sculpin (Myoxocephalus scorpius) and European perch (Perva fluviatilis) 
were shown to lower ṀO2rest in response to a warmer environment with the direct result of 
preserving AS (Sandblom et al. 2104; Sandblom et al. 2016). Also, AS has also been shown to 
be preserved in juvenile spiny chromis damselfish at elevated temperatures (Acanthochromis 
polyacanthus) when parents were also exposed to warm temperatures (Donelson et al. 2012). 
However, few studies have directly linked the AS to physiological performance. In shorthorn 
sculpin, the preservation of AS was linked to maintaining high feeding rates at above ambient 
temperature (Sandblom et al. 2014). However, the capacity to adjust ṀO2rest has not been well 
explored in natural populations and few studies have determined whether this can be limited to 
phenotypic plasticity or if changes can be generational (i.e. epigenetic or genetic). Adaptation to 
temperature through generational mechanisms rather than acclimation is an important factor as 
climates continue to warm (Jump and Penuelas 2005; Somero 2010). 
Understanding how fish in a warmer environment respond to physiological pressures 
such as a declining AS during climatic warming is critical for my understanding of species 
success. However, the feasibility of establishing persistently heated environments of an 
ecologically relevant scale has largely prevented studies from determining whether these 
metabolic changes can be manifest in natural populations. To address this, I used artificially 
heated power plant cooling lakes as a model to study the effects of warming in aquatic 
ecosystems. These heated lakes were established between 40 and 50 years ago and are used in 
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power plant cooling systems where water is shunted away from the lake, heated, and then 
returned. The mean peak summer temperatures in heated lakes are ~5 °C higher than similar 
ambient lakes (Figure 5.1; Mulhollem et al. 2016) and while summer temperatures rarely reach 
30 °C in ambient lakes, heated lakes see substantial periods of the year at or above this threshold, 
peaking at 35 – 37 °C (Mulhollem et al. 2016). I investigated metabolic rate, food consumption, 
growth, and thermal tolerance in largemouth bass F1 generation fish that were derived from three 
ambient temperature lakes and three artificially heated lakes. These represent independent, 
replicated ambient and persistently heated environments within a geographically isolated range 
(central IL). Heated lakes are particularly useful because of the similarity in their temperature 
elevations to that predicted by climate change models (e.g. +5 °C, RCP8.5; IPCC 2015) and the 
timeframe that changes would have to occur in (40-50 years). Largemouth bass are an ideal 
species for study as optimum growth in juvenile largemouth bass is maximized at 25 °C and the 
main difference in physiological requirements between 25 and 30 °C is a markedly higher 
ṀO2rest cost (Niimi and Beamish 1974). Previous work compared these artificially heated lakes 
to ambient lakes and has shown that heated lakes exhibit alterations in phytoplankton peaks, 
larval fish abundance, and reduced zooplankton abundances (Mulhollem et al. 2016), as well as 
altered mortality rate, lifespan, and growth rate of some fish species (Martinez et al. 2016). Such 
differences undoubtedly result in changes in competitive interactions, food resources, and 
mortality which may promote rapid adaptation to an increased thermal regime (Reznick and 
Ghalambor 2001). 
Our objective was to determine whether largemouth bass in heated lakes exhibit 
physiological changes to an ecologically relevant temperature increase in a climate-change 
relevant timeframe. I hypothesized that largemouth bass populations from perpetually heated 
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environments would express reduced ṀO2rest, increased growth rate, increased consumption rate, 
and higher thermal tolerance. I used a common garden design by removing adults from ambient 
and heated lakes and allowing them to spawn in a common ambient pond environment to remove 
phenotypic and/or developmental plasticity effects from their offspring. In the fall, F1 generation 
fish were assessed for growth rate, ṀO2rest, and thermal tolerance. To ensure differences were 
reflected in situ, I compared ṀO2rest and thermal tolerances between F1 largemouth bass from 
heated lakes, wild-caught individuals from heated lakes, and F1 largemouth bass from ambient 
lakes, providing further support of my conclusions. 
 
Methods 
We used largemouth bass populations from three artificially heated lakes (Clinton Lake, 
DeWitt, IL; Lake Coffeen, Coffeen, IL; Newton Lake, Newton, IL) to investigate physiological 
responses to elevated temperature regimes. I compared an F1 population of juvenile largemouth 
bass derived from these lakes to an F1 population of juveniles derived from three ambiently 
heated lakes (Forbes Lake, Kinmundy, IL; Lake Mattoon, Mattoon, IL; Lake Shelbyville, 
Sullivan, IL). These lakes are geographically localized within central IL and are found within 
200 km of each other in any direction. Within this small geographic area, land use practices 
(highly agricultural), rainfall, ambient temperature, incident light, and other environmental 
factors are putatively similar. General characteristics of these lakes have been previously 
reported (Mulhollem et al. 2016). Thermally influenced lakes have been persistently heated since 
their establishment 40 – 50 years ago and have been shown to have yearly average temperatures 
of ~ 5 – 7 °C above ambient lakes (Mulhollem et al. 2016).  
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To generate test subjects of the F1 generation, adult largemouth bass collected from lakes 
were allowed to spawn in a common garden design in experimental ponds (0.4 ha) at an ambient 
temperature. To accomplish this, four female and four male reproductively mature largemouth 
bass were collected from each of the six lakes well before the spawn in late March/early April 
2015. Largemouth bass were fin clipped to identify lake source and transferred to the Sam Parr 
Biological Station (Kinmundy, IL). Adults from thermally influenced lakes were placed in one 
pond while those from ambient lakes were placed in another; adults were left to spawn freely. At 
the end of the spawning season all adult largemouth bass were observed to be present and 
healthy. 
 In September 2015, approximately 150 F1-individuals of each ambient (Ambient-F1) and 
heated (Heated-F1) population were collected from ponds via two to three beach seine pulls in 
random locations. F1 fish were transferred to the Kaskaskia Biological Station (Sullivan, IL) 
where each population source was divided into two tanks at ambient temperature (20-22 °C). At 
this time, YoY were collected from each of the three thermally influenced lakes via a 
combination of beach seining and electrofishing, though YoY could not be collected from 
Coffeen Lake due to a steeper shoreline. Fish from Clinton Lake and Newton Lake represent an 
F1 generation of the thermally influenced lakes that were putatively raised in a warmer 
environment than the ambient ponds. Testing these individuals addressed the impact of adaptive 
developmental plasticity on the response variables. YoY collected from Newton Lake and 
Clinton Lake were fin clipped to mark lake source and were split among two tanks at the 
Kaskaskia Biological Station. All individuals were acclimated to laboratory conditions for one 
month while being fed a combination of live blackworms and western mosquitofish (Gambusia 
affinis) for the first two weeks, then strictly mosquitofish thereafter. After one month, each 
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population was split into 24 °C (± 1.1 °C SD) and 30 °C (± 1.3 °C SD) treatments; temperatures 
were increased 1 °C × day-1 to achieve acclimation temperatures. Temperatures were controlled 
using 800W aluminum heaters coupled with temperature controllers. After a month of 
acclimation to treatment temperatures, experiments began. Throughout acclimation and 
experimental procedures, pH, NO2, NO3
-, and NH4
+ were monitored 2-4 times per week and 5-
20% water changes were done 3-7 times per week as needed to reduce waste products while 
preventing water temperature from changing by more than 1 °C. Initial analysis showed that 
lake-raised largemouth bass from Clinton Lake and Newton Lake did not differ in ṀO2rest (1-way 
ANOVA, n = 8, P > 0.05) or CTmax (1-way ANOVA with temperature as a block, n = 9, P > 
0.05), therefore lake caught individuals from heated lakes were combined for further analyses 
(Heated-Lake). 
Environmental chambers held at 24 and 30 °C containing 40 21-L aquaria on 
recirculating systems were used to measure growth, food consumption, and conversion 
efficiency. Twenty individuals from each F1 population were randomly assigned to tanks within 
the two chambers at their respective acclimation temperatures. Fish were starved for 24 hours 
and their initial weights (Wi) were measured prior to placing them into tanks. Wi was not 
significantly different between populations or treatment temperatures (2-way ANOVA, all P > 
0.05). Fish were continued to be fed G. affinis, which were weighed immediately prior to feeding 
throughout the experiment. Minnows were added multiple times a day such that they were 
always present to allow fish to reach maximum consumption. Consumption was the total weight 
fed less the weight of any dead or regurgitated minnows, which were removed and weighed 
immediately. At the end of the experiment, individuals were euthanized with a lethal dose of 
MS-222 (500 mg × L-1) and weighed (Wf). Specific growth rate (SGR) was calculated as 
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. 
Conversion efficiency (CE, (g × g-1 × 100)) was calculated as the ratio between grams gained 
(Wf – Wi) and grams consumed and represents the efficiency with which individuals assimilate 
food into body mass, expressed as a percent. 
ṀO2rest was measured in Ambient-F1 (n = 6 at 24 °C, n = 10 at 30 °C), Heated-F1 (n = 8 
at 24 °C, n = 8 at 30 °C), and Heated-Lake fish (n = 10 at 24 °C, n = 7 at 30 °C). Weight was not 
significantly different between populations, temperature treatments, or their interaction (2-way 
ANOVA, all P > 0.05). Experiments were carried out using a Loligo intermittent flow 
respirometer system (DAQ-M and 4-channel OXY-REG with fiber optic oxygen probes, Loligo 
Systems, Viborg, Denmark). For each trial, individuals were starved for a 24-hour period and 
randomly assigned to one of 4 100-mL closed chambers. ṀO2rest was measured from 6 PM to 12 
PM the following day (18 hours). Intermittent flow loops consisted of a 180 s flush phase, a 90 s 
wait phase, and a 360 – 900 s measurement phase, which varied according to fish size and 
temperature to maximize reading accuracy while maintaining dO2 above 5.5 mg O2 × L
-1. Loops 
without fish were run immediately before and after each trial to establish an estimate of 
background respiration for each chamber (Facey and Grossman 1990), the average of which was 
then subtracted from the final ṀO2rest estimate. ṀO2rest (mg O2 × g-1 × hr-1) was calculated as the 
mean of the six smallest ṀO2 measurements with an r2 ≥ 0.95 (Roche et al. 2013). 
Critical thermal maxima (CTmax) and minima (CTmin) were measured by rapidly heating 
or cooling a 38-L aquarium. Individuals were randomly selected and placed in an 8-L mesh 
chamber suspended in the larger aquarium, which was always held at the appropriate acclimation 
temperature. Fish were allowed to acclimate to the tank conditions without disturbance for three 
hours before the onset of experiments. In CTmax experiments, water was heated at a continuous, 
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linear rate (0.33 °C × min-1) using an 800W titanium heater that spanned the width of the 
aquarium until the endpoint was reached; two oxygen diffusers ensured adequate mixing and 
saturated dO2. The endpoint was defined as the loss of equilibrium (LoE), which was identified 
as the loss of righting response (Lutterschmidt and Hutchison 1997). At LoE, fish were quickly 
dip-netted from the test tank and placed in a holding aquarium (21-L) at the appropriate 
treatment temperature to recover; all fish (n = 14 Ambient-F1 at 30 °C, n = 10 Heated-Lake at 30 
°C, n = 12 for all other groups) recovered successfully. CTmin was measured using a similar setup 
(n = 8 at 24 °C for all groups; at 30 °C, n = 9 for Ambient-F1 and Heated-F1, n = 6 for Heated-
Lake) but the heater was substituted with a pump that circulated aquarium water through a ¼” 
flexible PVC tube to a 25’ stainless steel coil submerged in an ice-water bath held at 1°C. Flow 
was adjusted manually to maintain a 0.33 °C × min-1 temperature decline until fish exhibited 
LoE. To maintain adequate cooling rate below 12 °C, water was automatically pumped out of the 
tank until 19 L remained. While a fluctuating water level could have disturbed individuals, at this 
point all individuals were resting on the bottom of the tank due to such sudden, dramatic 
temperature declines. Temperature was recorded each second during the trial and at its 
conclusion temperature was plotted against time to calculate the r2 of the slope; all r2 ˃ 0.99 
ensuring controlled temperature descents. 
Prior to analysis, consumption was log-transformed to meet normality. SGR, CE, 
consumption, ṀO2rest, CTmax, and CTmin were separately analyzed using full factorial 2-way 
ANOVA models with population and temperature as fixed factors. Given significant ANOVA 
model effects, differences between groups were determined using Tukey’s HSD tests. Values are 
expressed as the means ± SEM.  
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Results 
Heated-F1 grew significantly faster than Ambient-F1 overall (F1,76 = 22.0, p < 0.001) and 
SGR was significantly higher in both Ambient-F1 and Heated-F1 at 30 °C compared to 24 °C 
(F1,76 = 107.7, p < 0.001). There was not a significant interactive effect between population and 
temperature on SGR (F1,76 = 2.9, p = 0.094; Figure 5.2A). There was a significant interactive 
effect of population and temperature on consumption (F1,76 = 7.5, p = 0.008; Figure 5.2B). At 24 
°C, consumption was not different between populations. At 30 °C, there was a significant, 
marked increase in consumption by Heated-F1 individuals (+20.8%) relative to Ambient-F1. 
Overall, Heated-F1 had significantly higher CE than Ambient-F1 (F1,76 = 22.2, p < 0.001; Figure 
5.2C). CE was significantly higher at 30 °C compared to 24 °C (F1,76 = 75.0, p < 0.001). There 
was not a significant interactive effect of population and temperature on CE (F1,76 = 0.15, p = 
0.700). 
Mean ṀO2rest was higher in fish at 30 °C (196.4 ± 7.1 mg O2/g/hr) than those at 24 °C 
(184.2 ± 7.6 mg O2/g/hr) but was not significantly different (F1,43 = 0.54, p = 0.468; Figure 5.3). 
ṀO2rest was significantly different between populations (F2,43 = 3.8, p = 0.029). Ambient-F1 had 
a significantly higher ṀO2rest (210.3 ± 9.2 mg O2/g/hr) than Heated-F1 (179.4 ± 8.9 mg O2/g/hr) 
while ṀO2rest in Heated-Lake was intermediate and not significantly different from either group 
(182.1 ± 8.8 mg O2/g/hr). Mean ṀO2rest was 14.7% lower in Heated-F1 relative to Ambient-F1. 
There was not a significant interaction between population and temperature (F2,43 = 1.2, p = 
0.319). 
Given the significantly lower ṀO2rest in Heated-F1 population relative to Ambient-F1, I 
addressed whether the reduction in ṀO2rest had contributed to the differences in growth and 
conversion efficiency between the F1 populations. I conducted bioenergetic model simulations 
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using an open source software (Fish Bioenergetics 4.0 v1.0.3; Deslauriers et al. 2017; 
fishbioenergetics.org). Bioenergetic models are mass balance equations that quantify species-
specific physiological processes associated with metabolism, consumption, digestion, egestion, 
and growth (Kitchell et al. 1977; Chipps and Wahl 2008). Models have been parameterized for 
largemouth bass (Niimi and Beamish 1974; Rice et al. 1983). I focused on data from the growth 
trial at 24 °C as consumption was the same between F1 populations, leaving CE as the only 
difference between the populations. At 30 °C, I would not be able to untangle the contribution of 
higher CE towards growth from that of higher consumption. I used the experimentally derived 
Wf and Wi of individuals at 24 °C to calculate a model-estimated consumption that would be 
required to realize an individual’s achieved level of growth given a basal metabolic rate set to the 
standard software value, originally estimated from Niimi and Beamish (1974; initial parameter 
RA = 0.008352). Model-estimated consumption was plotted against actual consumption for all 
individuals (Figure 5.4A). The slopes between Ambient-F1 and Heated-F1 were homogeneous (2-
way ANCOVA; F1,36 = 0.2, p = 0.701) but Heated-F1 had a significantly higher model-estimated 
consumption (i.e. y-int; F1,36 = 7.3, p = 0.011). Next, Ambient-F1 were run in a similar fashion 
but the standard metabolic rate parameter was reduced in Heated-F1 individuals by the 
empirically derived difference in ṀO2rest between the populations (-14.7%) and the model was 
run again (RA = 0.007124). Model-estimated consumption was plotted against the actual 
consumption for all individuals (Figure 5.4B). After reducing the metabolic parameter by 14.7% 
in Heated-F1 individuals, slopes were again shown to be homogeneous (2-way ANCOVA, F1,36 < 
0.1, p = 0.881) but the model no longer estimated consumption to be different between 
populations (F1,37 = 0.2, p = 0.773).  
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CTmax was significantly different between populations (F2,66 = 5.15, p = 0.008; Figure 
5.5A). Heated-Lake had significantly lower CTmax relative to both Ambient-F1 and Heated-F1 
populations. CTmax was not significantly different between F1 populations. CTmax was 
significantly higher in largemouth bass at 30 °C compared to those at 24 °C (F1,66 = 424.5, p < 
0.001). There was not a significant interactive effect between temperature and population on 
CTmax (F2,66 = 0.1, p = 0.917). CTmin was not significantly different between populations (F2,42 = 
3.0, p = 0.063). CTmin was significantly lower (i.e. individuals were more tolerant of lower 
temperatures) in largemouth bass acclimated to 24 °C compared to those at 30 °C (F1,42 = 523.4, 
p < 0.001; Figure 5.5B). There was a significant interactive effect between population and 
temperature (F2,42 = 10.6, p < 0.001). While CTmin was not significantly different between 
populations when acclimated to 24 °C, when acclimated to 30 °C – a temperature rarely 
experienced in ambient lakes – CTmin was significantly higher in Ambient-F1 relative to Heated-
F1. CTmin in Heated-Lake was not significantly different than either F1 population at 30 °C. 
 
Discussion 
We observed significant physiological differences in ṀO2rest, SGR, and consumption of 
largemouth bass from heated populations relative to those from ambient populations. These 
results suggest physiological advantages to inhabiting warming environments in populations 
from heated lakes. The regulation of growth, consumption, and metabolism is highly complex 
and interrelated (Edwards et al. 1972; Thompson and Bayne 1974; Fonds et al. 1992) and affects 
competitive success and fitness (Bergenius et al. 2002; Burton et al. 2011). Therefore, a changing 
ṀO2rest in response to a warming climate may have significant effects on success. Heated-F1 fish 
grew faster overall and SGR at 30 °C was markedly higher relative to SGR in Ambient-F1 at 30 
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°C. Higher growth in Heated-F1 can be explained by both an increase in consumption at 30 °C 
and a decrease in ṀO2rest. Faster growth and higher consumption are not typically associated 
with lower metabolic rate (Millidine et al. 2009; Biro and Stamps 2010; Burton et al. 2011; Auer 
et al. 2015b). The “Pace-of-Life Syndrome” (Biro and Stamps 2010) suggests that individuals 
with lower ṀO2rest will be less active, consume less, and grow slower. However, energetically 
expensive processes are inextricably linked to the AS, not just ṀO2rest. This is a particularly 
important distinction if the result of a lower ṀO2rest is an increased AS. Recent evidence of fish 
expressing reduced ṀO2rest in order to preserve a high AS has been shown in a similar 
chronically heated system (Sandblom et al. 2016). A population of European perch established in 
heated effluent expressed a lower ṀO2rest, resulting in the chronically heated population 
maintaining the same size AS at an above-ambient temperature (23 °C) as that of a control 
population’s AS at an ambient temperature (18 °C). In contrast, the control population had a 
diminishing AS at the above-ambient temperature (23 °C). In a similar fashion, spiny chromis 
damselfish (Acanthochromis polyacanthus) were shown to have reduced ṀO2rest and preserved 
AS after previous generations were exposed to elevated temperatures (Donelson et al. 2012). 
Thus, adapting reduced ṀO2rest at warmer temperatures has been shown to preserve the AS in 
fishes. Individuals with a higher AS have the capacity to accommodate higher digestion rates and 
therefore consume more food per day (Auer et al. 2015b). Lowering ṀO2rest may be a means for 
chronically warmed populations to support faster growth at supra-optimal temperatures 
(Sandblom et al. 2014) when growth should be declining (Handeland et al. 2008). Heated-F1 
showed substantially increased growth rates at above-ambient temperatures (30 °C) which were 
strongly reliant on markedly increased consumption relative to Ambient-F1. my hypothesis that 
reduced ṀO2rest through generational mechanisms enhances growth through consumption and 
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energetic savings appears correct. While AS would have a direct impact on digestion and 
assimilation rates (Auer et al. 2015b), it could also bolster other processes such as foraging 
behaviors and aggression. Changes in temperature are known to affect both the expression and 
the success of certain behavioral types (Pruitt et al. 2011; Goulet et al. 2016), so it is plausible 
that these populations also exhibit different behaviors. Foraging behaviors and ṀO2rest have been 
linked (Biro and Stamps 2010; Reale et al. 2010; Goulet et al. 2017a), so discerning whether the 
difference in maximal consumption rate is through digestion or behaviors is a topic for future 
study. 
Though I hypothesized increased growth and consumption, I did not expect changes in 
the efficiency with which largemouth bass would convert food to biomass. CE is not usually 
associated with AS (e.g. Khan et al. 2014) but it is known to decline with increasing food ration 
(e.g. Wurtsbaugh and Davis 1977a, 1977b; El-Sayed 2002). Because the changes in consumption 
and CE observed in Heated-F1 did not conform to this generality, I addressed whether the change 
in CE was through a reduction of ṀO2rest, a measure of the cost of maintaining homeostasis 
through time. Through modeling, my results suggest that a reduction in ṀO2rest was the 
mechanism behind an increase in CE in Heated-F1 and contributed to their growth. Models 
consistently overestimated consumption by Heated-F1 individuals relative to their actual 
consumption when using a standard metabolic rate. After reducing the model parameter for 
metabolic rate in Heated-F1 individuals by the difference in ṀO2rest between Ambient-F1 and 
Heated-F1, the relationship between growth and consumption was no longer statistically different 
between the populations. Therefore, the metabolic cost savings of a reduced ṀO2rest represent an 
energetic surplus that is applied towards growth, increasing CE. These data highlight that 
reduced ṀO2rest and increased growth are linked and help explain why Heated-F1 had higher CE. 
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While the reduction in ṀO2rest appears to benefit growth in a laboratory setting, it is not clear if 
this is an important factor in situ or simply an indirect response of an altered ṀO2rest that may 
have more substantial benefits elsewhere. Growth attributed to the cost savings of a reduced 
ṀO2rest is minimal and clearly outweighed by increased consumption. Importantly, though, this 
modeling exercise provides further evidence that adaptation of growth and metabolism will be 
linked, that both ṀO2rest and growth are altered in these populations, and suggests potential for 
beneficial synergistic effects (‘trade-ups’) rather than ‘trade-offs’ (e.g. Arnott et al. 2006) during 
metabolic adaptation. 
CTmax was not different in heated populations even after decades of warming. In contrast, 
some research in fishes suggests CTmax can be adaptive (Meffe et al. 1995; Krebs et al. 1998). 
However, other works suggest CTmax is a rigid trait and therefore inflexible (Sandblom et al. 
2016). Rigid thermal tolerances have been shown to span across populations within a single 
species, even when populations are distributed along latitudinal gradients with a wide range of 
thermal regimes (Gaitan-Espitia et al. 2014). my results support the idea that CTmax is not a 
readily adaptable trait even under prolonged warming conditions. However, it is not clear 
whether it cannot be adapted or rather if behavioral mechanisms may be relied upon to cope with 
warming environments (Kearney et al. 2009; Sunday et al. 2014). For example, largemouth bass, 
common carp, and steelhead trout exhibit higher use of cool water pockets when exposed to 
above-ambient temperatures (Smith and McNurney 1981; Keefer et al. 2009). In lizards, similar 
thermoregulatory behaviors diminish the selective pressure towards increased thermal tolerance 
(Buckley et al. 2015). 
CTmin showed seemingly counter-intuitive results such that Heated-F1 withstood 
decreasing temperature better than Ambient-F1 fish, even though ambient lakes experience much 
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cooler winter temperatures. A lower metabolic maintenance cost may have contributed to CTmin 
tolerance (Pörtner and Knust 2007; Pörtner 2010). Alternative arguments can be made, though, 
that the increase in thermal tolerance breadth (CTmax – CTmin) is due to heated populations 
experiencing a wider range of temperatures (Schaefer and Ryan 2006; Gaitan-Espitia 2013) due 
to heterogenous water temperatures throughout the lake. However, variable thermal zones are not 
uncommon and largemouth bass actively thermoregulate to achieve preferred temperatures (Neill 
and Magnuson 1974; Block et al. 1984; Díaz et al. 2007). Regardless, any reduction in CTmin 
from heated populations would appear to be ecologically irrelevant, even if evolutionarily 
interesting. 
It has previously been shown that individuals can respond to local environmental 
conditions and alter ṀO2rest, growth rates, food consumption, and even thermal tolerance based 
on phenotypic and developmental plasticity (Parmesan and Yohe 2003; Stillman 2003; Schaefer 
and Ryan 2006; Hofmann and Todgham 2010). However, evidence of rapid evolutionary 
changes in fish is limited (Crozier et al. 2014). Though epigenetic influence has been shown in 
fishes in laboratory settings (Salinas and Munch 2012; Donelson et al. 2012; Munday et al. 
2012), less is known about whether such transgenerational plasticity can confer the same benefits 
in natural populations experiencing warming environments. By spawning F1 generation fish in 
ponds, my results suggest that changes in growth, consumption, and ṀO2rest can also be mediated 
through mechanisms beyond the individual and are passed to offspring via transgenerational 
effects (e.g. Sheepshead minnow, Donelson et al. 2012) or rapid evolutionary processes (e.g. 
mosquitofish, Meffe et al. 1995; grayling, Haugen and Vollestad 2000; pink salmon, Kovach et 
al. 2012). Because ṀO2rest was similar between Heated-F1 and Heated-Lake fish, my results 
suggest that developmental plasticity played little role in establishing the ṀO2rest. However, other 
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studies suggest adaptive developmental plasticity has long-term implications for growth and 
metabolism during an individual’s lifespan (Beldade et al. 2011; Donelson et al. 2011). Perhaps 
most interestingly, neither adaptive developmental plasticity, transgenerational plasticity, or 
genetic adaptation played a role in increasing CTmax even though populations in these lakes had 
experienced higher temperatures for nearly half a century. Lake-raised individuals had 
significantly lower CTmax, which may be a response to either differences in the pond and lake 
environments or potentially through early life selective mechanisms within lakes such as genetic 
constraint. I suggest that future research focus on high throughput epigenetic and genetic 
sequencing techniques such as bisulfite conversion and RAD-sequencing to identify genomic 
areas of change (e.g. Hohenlohe et al. 2010) to identify what potential epigenetic or genetic 
changes may be driving physiological responses to warming conditions in fishes such as 
largemouth bass as well as in other ectotherms. 
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CONCLUSION 
 
I found that total phosphorous and chlorophyll a are unchanged in the summer period in 
both lakes and mesocosms, and warming did not lead to excessive nutrient loads, algal blooms, 
or anoxic conditions. However, phosphorous availability in the late fall and early winter was 
altered in heated lakes. There were important changes in dissolved oxygen concentration in 
heated systems, particularly low DO2 during summertime temperature peaks and phytoplankton 
blooms. Low DO2 has physiological consequences on cardiovascular processes that are 
exacerbated in larger organisms that must actively transport oxygen further (Portner 2001). 
Though ecological scales varied considerably between mesocosms and lakes, heating 
consistently decreased zooplankton abundances. This effect was observed to be greater on larger 
zooplankton, and rotifers saw positive benefits from heating in mesocosms but not lakes. 
Phenological changes also occurred in some but not all zooplankton, and gizzard shad spawned 
earlier but bluegill did not. 
My findings provide empirical evidence that suggests climatic warming will enhance 
early life development rates of bluegill, allowing individuals to reach larger sizes through their 
first year. However, individuals will not grow as large and will mature at smaller sizes. 
Asymptotic average lengths suggest that the limited body size may be a result of many 
constraining factors rather than genetic limitations in size. 
Bluegill are size selective predators with optimal foraging rates based on their own body 
size and gape width (Werner and Hall 1974). Juvenile largemouth bass exploit larval bluegill as a 
critical prey source (Garvey and Stein 1997) while large adult bluegill escape predation 
vulnerability by largemouth bass by exceeding gape limitation (Hoyle and Keast 1987; Guy and 
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Willis 1990). Changes in body size of bluegill may have various direct and indirect effects on 
ecosystem structure and trophic interactions, such as susceptibility to predators, prey selection, 
and larval bluegill availability for piscivores. 
I found that persistent heating affected the behavioral expression of largemouth bass. I 
attribute changes in the relationship of activity and exploratory behaviors with size in largemouth 
bass populations from heated lakes to the changing ecological conditions inherent to warming, 
specifically a decline in early food source availability. Exploratory behaviors may be particularly 
beneficial for coping with declining food sources under predicted future climate scenarios and 
observed in heated lakes and mesocosms here-in. I did not observe changes in aggression or 
boldness, nor any consistent changes in behavioral syndromes in heated lakes.  
My results confirm that there can be high interspecific variability in behavioral types and 
syndromes between largemouth bass populations. The fact that populations exhibited different 
behavioral syndromes may then bode well for largemouth bass, as species with a wider 
variability of behaviors may experience increased success during climatic changes (Cote et al. 
2010; Sih et al. 2011), but also help explain their increasing invasiveness (Fogarty et al. 2011). 
Interspecific variability in behaviors of largemouth bass also suggests that populations of 
largemouth bass may have variable responses to selective pressures from other anthropogenic 
influences such as angling (Philipp et al. 2009).  
We observed significant physiological differences in ṀO2rest, growth rate, and 
consumption by juvenile largemouth bass from heated populations relative to those from ambient 
populations. These results suggest physiological advantages to inhabiting warming environments 
in populations from heated lakes. Adapting reduced ṀO2rest at warmer temperatures has been 
shown to preserve the AS in fishes. Lowering ṀO2rest may be a means for chronically warmed 
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populations to support faster growth at supra-optimal temperatures (Sandblom et al. 2014) when 
growth should be declining (Handeland et al. 2008). Heated-F1 showed substantially increased 
growth rates at above-ambient temperatures (30 °C) which were strongly reliant on markedly 
increased consumption relative to Ambient-F1. 
Even after decades of exposure to elevated temperatures, where summertime 
temperatures approach thermal maxima and wintertime temperatures are substantially less 
severe, heated populations of largemouth bass did not exhibit any adaptation towards altered 
thermal tolerances beyond phenotypic plasticity. My results support the idea that CTmax is not a 
readily adaptable trait even under prolonged warming conditions. However, it is not clear 
whether it cannot be adapted or rather if behavioral mechanisms may be relied upon to cope with 
warming environments (Kearney et al. 2009; Sunday et al. 2014). 
Changes in physicochemical water qualities are likely due to changes in physical 
processes such as diffusion rates, thermal stratification, and decreased ice cover that are inherent 
with warming temperatures. These effects may be expected to occur broadly. However, a lack of 
change in nutrient availability and phytoplankton abundance does not correspond to expectations 
with warming (Jeppesen et al. 2014). Many studies supporting increased eutrophication and 
pelagic dominance have been carried out in maritime, clear-water systems and therefore may not 
be good representations of intercontinental, turbid systems common to the United States. Instead, 
eutrophic systems may see little effect of warming on phosphorous loading and pelagic 
dominance beyond what already exists. 
During the initial colonization of mesocosms, DO2 saturation was significantly lower in 
heated systems, indicating that ratio of ecosystem respiration:autotrophic production was higher 
in heated systems. This mechanism may increase the probability that warming induces transient 
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anoxic conditions in lakes. While atypical, large-scale blooms such as harmful algae blooms of 
cyanobacteria, did not occur during this study period in heated lakes, algal blooms are predicted 
to occur more frequently with warmer temperatures (Jöhnk et al. 2007; Huber et al. 2012). Clear-
water systems that experience warming may be more susceptible to algal blooms and transient 
anoxic conditions than eutrophic turbid systems if those systems are simultaneously faced with 
increased eutrophication (Moran 2010). 
Though zooplankton are strongly diminished in heated systems, I did not observe a 
decline in the density of larval gizzard shad or bluegill throughout the year. Further, I did not 
observe changes in the CPUE of juvenile and adult bluegill in heated lakes either. Fishes may 
contribute to declining zooplankton through exploitation, especially if consumption is increased 
in warmer environments as was seen in largemouth bass. The resilience of the benthic 
invertebrate community to warming may allow generalist feeders such as gizzard shad and 
bluegill sunfish to switch food sources and avoid indirect negative impacts. Due to its resilience 
to warming, the health of the benthic invertebrate community may become more important under 
warming conditions. Changes in the fish communities (Hayden et al. 2017) or fish consumption 
rates may directly affect benthic communities. Further anthropogenic impacts also include 
pollutants, which can concentration in the sediments and detrimentally affect benthic 
communities (Winner 1980).    
Species-specific responses to climate change are predicted to bring about ‘winners’ and 
‘losers’ under changing environmental conditions (Somero 2010). Daphnia, an energetically 
favorable food source for larval fishes (Mayer and Wahl 1997), bloom earlier in the spring in 
heated systems, and, likewise, so does larval gizzard shad. However, bluegill do not spawn 
earlier, and therefore results indicate differential responses of spawn timing to warming between 
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gizzard shad and bluegill. This may indicate that larval gizzard shad are more capable of coping 
with climate warming through more flexible spawn timing. However, inconsistent maturation of 
even large bluegill in heated lakes during the spring corresponds to altered phenological timing 
of larval bluegill abundance in heated lakes. Though I did not find statistical evidence of 
protracted spawning in heated lakes through larval abundances, there was visual evidence to 
suggest it warranted further study. Because maturation was taken only as a snapshot in early 
spring, I cannot rule out that inconsistent maturity of bluegill was a result of protracted spawning 
in heated lakes. Taken together, results suggest that not all species may alter spawn timing 
similarly. Given a protracted spawning season, later spawned individuals would avoid heavy 
predation by largemouth bass that is largely limited to early spring (Santucci and Wahl 2003).  
There were inconsistent effects of environmental warming on growth rates of fishes. 
These different effects may be attributable to either experimental scales or species-specific 
responses to warming. Largemouth bass showed mixed results, where largemouth bass grew 
faster in a laboratory setting with no ecological complexity but were unaffected in mesocosms 
with intermediate ecological complexity, while bluegill grew faster in heated lakes with full 
ecological complexity. In this work, largemouth bass were introduced into mesocosms during the 
warmest period, and therefore results may reflect stagnating growth observed in other works 
during peak summertime temperatures (Mulhollem et al. 2016). However, temperatures in 
mesocosms were below peak summertime lake temperatures. In the laboratory setting, 
acclimation temperatures were more reflective of mesocosm temperatures than peak summertime 
lake temperatures as well. A lack of any necessary foraging or locomotory behaviors in 
laboratory settings may have maximized differences in growth by reducing sources of energetic 
costs thereby isolating physiological mechanisms. A lack of piscine prey sources in mesocosms 
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may have limited or at least decelerated growth of largemouth bass, even though largemouth 
bass can grow large on invertebrate organisms alone (Hickley et al. 1994). Elsewhere, 
largemouth bass grew faster in heated lakes for most of the growing period but exhibited no 
growth during the warmest months, such that growth was similar by fall (Mulhollem et al. 2016). 
Faster growth of largemouth bass in heated lakes is similar to the effects I observed on bluegill 
growth. Higher temperatures throughout the spring and fall period may release temperature-
dependent mechanisms while exacerbating foraging and bold behaviors through phenotypic 
plasticity, increasing growth rates in both largemouth bass and bluegill in heated environments. 
However, unlike largemouth bass in heated lakes, bluegill were consistently larger by the fall in 
heated lakes. Taken together, these findings indicate that ecological complexity plays important 
roles in the growth response of fishes to warming, and that growth responses within natural 
systems are species-specific.  
Increasing temperature has been shown to increase boldness and aggression in fish (Pruitt 
et al. 2011; Goulet et al. 2016; Forsatkar et al. 2017). Active behaviors can be energetically 
costly, and at above-ambient temperatures these excessive behaviors can be maladaptive (Goulet 
et al. 2016). AS also declines at above-ambient temperatures (Rice et al. 1983; Portner 2001), 
reducing energy availability of energy available. As a result, I predicted that bold and aggressive 
behaviors would differ in heated lakes. Instead, they were unchanged in heated populations and 
elsewhere I observed indications that the AS was being preserved in warmer environments 
through physiological processes. Thus, these results suggest an interesting link between AS and 
behavior that needs to be explored further. Current understanding is that behaviors may change 
dramatically through phenotypic plasticity in response to warming. Yet, little work has utilized 
populations exposed to decades of warming and considered more integrated, adaptive effects, 
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such as metabolism, that may alter these behavioral responses. Metabolic processes that preserve 
AS through generations of exposure (Donelson et al. 2012; Sandblom et al. 2016) may affect 
changes in behavioral expression in response to warming in more complex ways that previous 
thought. Further, it is worth exploring whether changes in exploration and activity in heated 
populations may also be influenced by increased behavioral thermoregulation that may help 
fishes cope with challenging environmental temperatures (Kearney et al. 2009; Sunday et al. 
2014). 
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TABLES AND FIGURES 
 
Lake Surface area (ha) Mean depth (m) Max depth (m) Shore length (km) 
Ambient lakes     
Forbes 226 4.6 9.5 36 
Mattoon 400 3.5 9.4 90 
Shelbyville 4492 4.9 20.4 277 
Heated lakes     
Clinton 1983 5.9 14.6 219 
Coffeen 120 5.8 17.9 77 
Newton 688 6 15.5 96 
Table 1.1 Physical characteristics of three ambient lakes and three lakes heated by electricity-
generating power plants used to compare a variety of biotic and abiotic responses to future 
climate change. 
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Taxa 
Percent 
abundance 
Cumulative percent 
abundance 
Mean, 
ambient 
Std. dev., 
ambient 
Mean, 
heated 
Std. dev., 
heated 
Ostracoda 40.2 40.173 2.47 2.21 1.93 2.14 
Chironomidae 33.1 73.242 3.42 1.55 3.17 1.82 
Nematoda 14.2 87.42 2.14 1.79 1.70 1.68 
Amphipoda 3.6 91.022 0.83 1.53 0.07 0.32 
Pelecypoda 3.5 94.469 0.73 1.38 0.36 0.98 
Ceratopogonidae 1.5 95.923 0.38 0.82 0.59 0.93 
Ephemeroptera 1 96.928 0.45 0.89 0.48 0.97 
Trichoptera 0.8 97.716 0.44 0.96 0.27 0.60 
Gastropoda 0.6 98.309 0.28 0.76 0.15 0.58 
Hirudina 0.5 98.787 0.35 0.85 0.04 0.28 
Hydrachnidae 0.3 99.047 0.23 0.63 0.10 0.43 
Diptera 0.2 99.287 0.23 0.57 0.20 0.49 
Coleoptera 0.2 99.449 0.07 0.38 0.04 0.38 
Zygoptera 0.1 99.594 0.19 0.56 0.03 0.14 
Turbinidae 0.1 99.709 0.08 0.40 0.04 0.31 
Tabanidae 0.1 99.776 0.04 0.33 0.02 0.10 
Anisoptera 0.1 99.828 0.09 0.34 0.01 0.15 
Chaoborus < 0.1 99.874 0.06 0.35 0.00 0.04 
Colembola < 0.1 99.91 0.03 0.27 0.01 0.16 
Tipulidae < 0.1 99.941 0.00 0.06 0.03 0.25 
Hemiptera < 0.1 99.971 0.04 0.25 0.01 0.15 
Arachnida < 0.1 99.984 0.02 0.20 0.00 0.00 
Isopoda < 0.1 99.992 0.01 0.15 0.00 0.00 
Megaloptera < 0.1 99.997 0.01 0.07 0.00 0.07 
Decapods < 0.1 99.999 0.00 0.06 0.00 0.04 
Lepidoptera < 0.1 100 0.00 0.04 0.00 0.00 
 
Table 1.2 Benthic macroinvertebrate taxa present in ambient and heated lakes with relative 
percent abundance and cumulative percent abundance of all invertebrates sampled. Mean and 
standard deviation (std. dev.) of log(x+1) transformed taxa density (individuals × m-2) in ambient 
lakes (columns 4 and 5) and heated lakes (columns 6 and 7) are also presented.  
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Day and taxa Mean 
log(x+1) 
abundance 
(ind. × L-1) 
Mean 
log(x+1) 
abundance 
(ind. × L-1) 
Avg 
Dissim. 
Dissim. 
/ SD 
Contrib. 
% 
Cumulat. 
% 
Day 14 Ambient Heated   Dissimilarity = 
35.25 
Nauplii 2.21 1.09 9.49 1.59 26.92 26.92 
Rotifer 1.96 2.15 6.46 1.25 18.32 45.25 
Cyclopodia 0.57 0.21 3.37 1.3 9.55 54.79 
Chaoborus 1.01 0.91 2.88 1.21 8.18 62.98 
Daphnia 0.34 0.15 2.73 1.00 7.74 70.71 
Calanoida 0.10 0.24 1.61 1.15 4.56 75.28 
Ceriodaphnia 0.07 0.16 1.48 0.67 4.21 79.49 
Scapholeberis 0.05 0.13 1.27 0.51 3.61 83.1 
       
Day 21 Ambient Heated   Dissimilarity = 
35.05 
Nauplii 1.86 1.13 9.32 1.34 26.58 26.58 
Rotifer 1.61 2.54 9.01 1.60 25.71 52.29 
Cyclopodia 0.39 0.42 3.24 1.36 9.25 61.54 
Chaoborus 0.71 0.53 2.87 1.22 8.19 69.73 
Daphnia 0.34 0.03 2.83 0.63 8.09 77.81 
Ostracoda 0.18 0.19 1.84 1.49 5.25 83.06 
       
Day 45 Ambient Heated   Dissimilarity = 
35.84 
Nauplii 2.20 1.14 6.75 1.56 18.84 18.84 
Ceriodaphnia 0.08 1.00 5.03 0.91 14.04 32.88 
Chaoborus 1.46 2.14 4.82 1.88 13.46 46.33 
Cyclopodia 1.36 0.66 4.24 1.57 11.83 58.17 
Rotifer 2.02 2.20 4.13 1.41 11.52 69.68 
Chydoridae 1.10 1.01 3.97 1.57 11.09 80.78 
Table 2.1 Similarity percentage (SIMPER) analysis of species-specific differences in abundance 
of zooplankton in ambient relative to heated mesocosms in weeks where communities 
significantly differed (PERMANOVA pairwise comparisons, P < 0.05). Species differences 
explaining up to 80% of the cumulative differences are reported. 
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Day 52 Ambient Heated     Dissimilarity = 
38.29 
Nauplii 2.95 1.94 6.39 1.40 16.70 16.70 
Ceriodaphnia 0.27 1.25 5.86 1.07 15.31 32.01 
Chaoborus 0.75 1.41 5.22 1.90 13.63 45.63 
Rotifer 1.52 1.74 4.53 1.59 11.84 57.48 
Chydoridae 1.01 0.90 4.47 1.26 11.69 69.16 
Cyclopodia 1.49 0.90 3.92 1.34 10.23 79.39 
Simocephalus 0.38 0.10 1.88 1.17 4.91 84.3 
       
Day 59 Ambient Heated     Dissimilarity = 
36.29 
Cyclopodia 1.87 0.84 7.85 1.58 21.64 21.64 
Ceriodaphnia 0.57 1.69 7.32 1.37 20.17 41.81 
Nauplii 2.13 1.39 5.16 1.06 14.21 56.02 
Chydoridae 1.22 0.65 4.76 1.27 13.12 69.13 
Rotifer 1.82 1.94 3.19 1.34 8.8 77.93 
Scapholeberis 0.53 0.25 2.72 1.17 7.49 85.42  
Table 2.1, Continued. 
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Taxa Mean 
abundance 
(ind. x m-2) 
Mean 
abundance 
(ind. x m-2) 
Avg 
Dissim. 
Dissim. / 
SD 
Contrib. % Cumulat. 
% 
 Cluster A Cluster B   Dissimilarity = 44 
Oligocheates 0.64 936.4 9.53 1.32 21.66 21.66 
Chaoborus 0 86.5 6.92 1.24 15.73 37.39 
Nematodes 57.8 96.0 5.42 1.04 12.32 49.71 
Water mites 1.69 2.25 3.67 0.8 8.34 58.05 
Ostracoda 2460 10020 3.63 0.67 8.24 66.29 
Chironomids 2070 2601 2.57 0.76 5.84 72.13 
Pelecypods 1.44 0.01 2.33 0.58 5.29 77.42 
Gastropods 0.25 0.04 1.38 0.43 3.14 80.56 
       
 Cluster B Cluster C   Dissimilarity = 43.2 
Oligocheates 936.4 0.3 7.84 1.42 18.15 18.15 
Nematodes 96.0 10753 5.81 1.28 13.46 31.61 
Chaoborus 86.5 0.25 5.26 1.24 12.19 43.79 
Water mites 2.3 15.2 3.91 1.02 9.05 52.84 
Gastropods 0.1 10.2 3.37 0.82 7.8 60.64 
Chironomids 2510 24869 3.09 1.01 7.16 67.81 
Ostracoda 10020 107321 3 1.6 6.95 74.76 
Diptera pupae 0.2 2.56 2.57 0.72 5.96 80.72 
       
 Cluster A Cluster C   Dissimilarity = 40.96 
Nematodes 57.8 10753 7.62 1.34 18.59 18.59 
Ostracods 2460 107321 5.83 1.03 14.23 32.82 
Water mites 1.7 15.2 4.64 1 11.32 44.14 
Gastropods 0.3 10.2 4.06 0.85 9.92 54.06 
Chironomids 2070 24869 3.71 1.72 9.07 63.13 
Diptera pupae 0 2.6 2.61 0.63 6.38 69.5 
Pelecypods 1.4 0.1 2.41 0.63 5.89 75.39 
Oligocheates 0.6 0.3 2.34 0.45 5.7 81.1 
Table 2.2 Similarity percentage (SIMPER) analysis of differences in abundance of benthic 
invertebrate taxa between significantly different clusters as identified by SIMPROF (95% 
similarity criterion). Cluster A corresponded to communities in ambient mesocosms in the first 
sampling day, cluster B to all other communities prior to the addition of fish, and cluster C to all 
communities after the addition of fish. Differences in taxa explaining up to 80% of the 
cumulative differences are reported. 
130 
 
 
Taxa Mean 
abundance 
(mg x m-2) 
Mean 
abundance 
(mg x m-2) 
Avg 
Dissim. 
Dissim. / 
SD 
Contrib. % Cumulat. 
% 
 Cluster A Cluster B   Dissimilarity = 44 
Oligocheates 2.3 15.6 13.08 1.28 29.54 29.54 
Chaoborus 4.1 19.7 10.72 1.55 24.21 53.75 
Nematodes 2.5 9.8 10.18 1.56 22.99 76.74 
Water mites 0.3 2.4 7.3 1.49 16.49 93.23 
Table 2.3 Similarity percentage (SIMPER) analysis of differences in biomass of benthic 
invertebrate taxa between clusters A and B, as identified by SIMPROF (95% similarity 
criterion). Cluster A corresponded to all mesocosms and days prior to the addition of fish and 
cluster B to all mesocosms and days after the addition of fish. Differences in taxa explaining up 
to 80% of the cumulative differences are reported. 
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Behavior Loading 
(a) Activity  
Time active 0.59 
Water column use 0.42 
Door crosses 0.68 
Cumulative variance 
explained 
53.0% 
  
(b) Exploration  
Exploratory latency 0.71 
Novel side use -0.71 
Cumulative variance 
explained 
80.2% 
  
(c) Boldness  
Startle latency 0.67 
Predator latency 0.80 
Num. of predator 
inspections 
-0.76 
Prey latency 0.79 
Num. of prey inspections -0.70 
Cumulative variance 
explained 
55.6% 
  
(d) Aggression  
Strike latency 0.71 
Num. of strikes -0.71 
Cumulative variance 
explained 
83.6% 
 
Table 4.1 Behaviors were estimated using principal component analyses on the measured 
responses of juvenile largemouth bass to novel environment and risky situation assays. For each 
behavior, PC1 explained a large portion of the variability and all associative responses loaded 
strongly (PC1 loading score > 0.4). 
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Behavior 1 Behavior 2 
Forbesa 
n = 14 
Mill 
Creeka 
n = 26 
Shelbyvillea 
n = 13 
Clintonh 
n = 29 
Coffeenh 
n = 22 
Newtonh 
n = 19 
p value 
Exploration Activity 0.63 0.10 *0.74 0.38 0.41 *0.71 0.94 
Aggression Activity 0.15 -0.19 -0.23 0.16 0.11 -0.26 0.63 
Aggression Exploration 0.08 0.30 0.08 -0.06 -0.08 -0.10 0.04 
Boldness Activity 0.44 0.04 0.37 *0.60 0.38 0.24 0.48 
Boldness Exploration 0.65 0.15 0.66 0.16 0.39 0.46 0.48 
Boldness Aggression 0.43 *0.67 0.15 0.44 -0.14 0.43 0.52 
 
Table 4.2 Spearman’s nonparametric correlation coefficient (ρ) between each behavioral score 
comparison for each population. Ambient lakes are noted with an ‘a’ superscript and heated 
lakes with an ‘h’. Spearman’s ρ are reported, with correlations P < 0.05 in bold and correlations 
P < 0.008 (significant after Bonferroni adjustment) noted with an asterisk. In the right-most 
column, p-values from Student’s T-test comparing Fisher’s Z-transformed ρ values between 
heated (n = 3) and ambient (n = 3) populations are reported. No correlation significantly differed 
between populations types after the appropriate Bonferroni adjustment (P > 0.008). 
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Figure 1.1 Monthly temperature (°C) in ambient lakes (black symbols) and heated lakes (gray 
symbols). Points represent mean values averaged over years and error bars represent the standard 
error between overall lake means within each month and treatment type. 
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Figure 1.2 Estimated thermocline depth in ambient (A,C,E) and heated (B,D,F) lakes for each 
month. Mean (solid lines) are within-month averages from 2013-2017. The shallowest observed 
thermocline depth observed within each month over the entire sampling period is plotted as the 
upper dotted line, and the deepest observed thermocline within each month over the entire 
sampling period is plotted as the lower dotted line. If no thermocline was observed across all 
four fixed sites for a sampling date, the thermocline depth was assigned as the maximum depth 
of the lake. There was no thermal stability in any year from Nov – Feb.
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Figure 1.3 Monthly Secchi depth (a), dissolved oxygen (b), total phosphorous (c), and 
chlorophyll a concentration (d) in ambient lakes (empty circles) and heated lakes (filled circles). 
Points represent mean values averaged over years and error bars represent the standard error 
between overall lake means within each month and treatment type. Asterisks denote significantly 
different monthly means between ambient and heated lakes. Given evidence of significantly 
different monthly patterns, Tukey’s HSD was used to determine months that significantly 
differed within treatment types (ambient (a,b), heated (x,y)). Months not labeled within these 
comparisons were intermediate. 
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Figure 1.4 Monthly abundance of cyclopoida (a), calanoida (b), nauplii (c), daphnia (d), 
bosmina (e), and rotifera (f) in ambient lakes (black symbols) and heated lakes (gray symbols). 
Points represent mean values averaged over years and error bars represent the standard error 
between overall lake means within each month and treatment type. Asterisks denote significantly 
different monthly means between ambient and heated lakes. Given evidence of significantly 
different patterns between months, Tukey’s HSD was used to determine months that 
significantly differed within treatment types (ambient (a,b), heated (x,y)). Months not labeled 
within these comparisons were intermediate. 
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Figure 1.5 nMDS ordination of benthic invertebrate communities measured by species 
abundance (individuals × m-2; a) in ambient (empty circles, solid arrows) and heated mesocosms 
(filled circles, dashed arrows). Numbers represent sampling periods: 1) Jan 1st – March 15th, 2) 
March 16th – May 15th, 3) May 16th – July 15th, 4) July 16th – September 30th, and 5) September 
30th – November 31st. There was not a significant difference in community composition between 
treatment groups by period (PERMANOVA, P = 0.50) or an overall effect of treatment 
(PERMANOVA, P = 0.45). 
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Figure 1.6 Abundance of larval gizzard shad (a) and larval Lepomis spp. (b) in ambient lakes 
(black symbols) and heated lakes (gray symbols). Points represent mean values averaged over 
years and error bars represent the standard error between overall lake means within each month 
and treatment type. Asterisks denote significantly different monthly means between ambient and 
heated lakes. Larval Lepomis spp. show more typical early peaks in ambient lakes whereas 
heated populations are protracted with later peaks. However, there were no months with 
significantly different abundances of Lepomis larvae between treatment types, though there was 
high inter-lake variability. 
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Figure 2.1 Mean daily water temperature (mean ± 1 SD °C) throughout the experiment as 
measured by hourly temperature loggers in ambient (empty circles) and heated mesocosms 
(filled circles). Overall mean temperature was 24.5 ± 1.5 °C in ambient mesocosms and 29.8 ± 
1.7 °C in heated mesocosms (mean ± 1 SD); mean temperature difference between hourly 
measurements was 5.3 ± 0.6 °C. 
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Figure 2.2 Dissolved oxygen concentration (mg O2 × L
-1) measured during the daytime (A) and 
nighttime (B). Dissolved oxygen % saturation measured during the daytime (C) and nighttime 
(D). Asterisks indicate that heated mesocosms had significantly different values from ambient 
mesocosms within those weeks (RM-ANOVA). Fish were added to mesocosms on day 29 of the 
experiment (vertical dotted line). 
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Figure 2.3 Estimated total phosphorous (A) and chlorophyll a concentration of phytoplankton 
(B) and periphyton (C). Data did not differ between treatments or the treatment × time 
interactions (RM-ANOVA, P > 0.05). Data are group means ± SE. Fish were added to 
mesocosms on day 29 of the experiment (vertical dotted line). 
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Figure 2.4 nMDS ordination of zooplankton communities (individuals × L-1) in ambient (empty 
circles, solid arrows) and heated mesocosms (filled circles, dashed arrows). Numbers represent 
days sampling occurred. Asterisks indicate days that zooplankton communities in heated 
mesocosms significantly differed from communities in ambient mesocosms (PERMANOVA 
pairwise comparisons, P < 0.05). Bold arrows indicate the addition of fish between days 28 and 
38. 
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Figure 2.5 Abundance of zooplankton species through time in ambient (empty circles, solid line) 
and heated mesocosms (filled circles, dashed line). Of the zooplankton taxa, those presented 
explained the most dissimilarity between ambient and heated mesocosms (SIMPER analysis) and 
are ordered top to bottom by overall percent contribution to dissimilarity. Fish were added to 
mesocosms on day 29 of the experiment (vertical dotted line). 
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Figure 2.6 nMDS ordination of benthic invertebrate communities measured by species 
abundance (individuals × m-2; a) and species biomass (mg × m-2; b) in ambient (empty circles, 
solid arrows) and heated mesocosms (filled circles, dashed arrows). Numbers represent days 
sampling occurred. There was not a significant difference in species abundance between 
treatment groups in any week (PERMANOVA, P = 0.80) nor a difference in species  
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Figure 2.6, Continued. biomass (PERMANOVA, P = 0.70). Significantly different clusters are 
circled (SIMPROF, 95% similarity criterion). Bold arrows indicate the addition of fish between 
days 28 and 38. The addition of fish causes strong shifts in benthic communities. 
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Figure 2.7 Specific growth rate (SGR; A) and gut fullness (B) of juvenile largemouth bass in 
ambient and heated mesocosms. SGR was not significantly different between treatment types 
(Student’s T-test, P > 0.05). Gut fullness was significantly higher in fish in heated mesocosms 
(Student’s T-test, P = 0.03). 
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Figure 3.1 Mean temperature at 1-m depth at each week sampled, averaged within week-of-year 
across four years of sampling in each lake, and the yearly maximum temperatures (Tmax) in 
ambient (empty circle) and heated lakes (filled circle). Error bars represent standard deviations. 
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Figure 3.2 Length-frequency distributions of estimated age classes in bluegill populations in 
three ambient (A-C) and three heated lakes (D-F). 
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Figure 3.3 Catch per unit effort (CPUE; A), mean population age (B), age-0 length (C), 
asymptotic average length (L∞; D), relative stock density of 160 mm bluegill (RSD160; E), and 
90th percentile length (F) of ambient and heated bluegill populations. Data are means ± SE. 
Asterisks denote significant differences between ambient and heated populations (P < 0.05). 
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Figure 3.4 Predicted probability of maturation of bluegill sunfish in three ambient lakes (black 
lines; Shelbyville – solid; Mattoon – dash-dot; Forbes – dash) and three heated lakes (gray lines; 
Clinton – solid; Newton – dash-dot; Coffeen – dash). Heated populations showed significantly 
different probabilities of maturation (χ2(1) = 5.99, P = 0.014) based on TL (mm) relative to 
ambient populations.  
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Figure 3.5 Length-frequency distributions of estimated maturation status in bluegill populations 
in three ambient lakes (A-C) and three heated lakes (D-F). 
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Figure 4.1 Activity score as it relates to size in ambient (left) and heated (right) populations. The 
relationship between size and activity was significantly different between treatment types (χ2(1) 
= 3.72, P = 0.05). Activity was negatively associated with size in heated populations (b = -0.037 
activity score/mm) but not in ambient populations (b = 0.009 activity score/mm). 
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Figure 4.2 Exploratory score as it relates to size in ambient (left) and heated (right) populations. 
The relationship between size and exploration was significantly different in heated populations 
than in ambient populations (χ2(1) = 4.329, P = 0.04). Exploration was negatively associated 
with size in heated populations (b = -0.045 score/mm) but not in ambient populations (b = 0.003 
activity score/mm). 
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Figure 4.3 Boldness score as it relates to size in each ambient (left) and heated (right) 
populations. The main effects of size (χ2(1) = 1.060, P = 0.303) and treatment (χ2(1) = 1.145, P = 
0.285) were not significant. 
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Figure 4.4 Aggression score of largemouth bass from ambient (empty circles) and heated (filled 
circles) populations. Aggression was not related to total length. Aggression did not significantly 
differ by treatment types (χ2(1) = 0.229, P = 0.632). Box and whiskers plots show the 
interquartile range (boxes), the upper and lower quartiles (whiskers), and the median (line) for 
each population. 
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Figure 5.1 Yearly temperature profiles of three ambient lakes (empty circles) and three heated 
lakes (filled circles). Temperature was sampled at 1-meter depths at four sites across each lake, 
twice monthly from May 2013 – 2017. Data are means within weeks of the year ± SEM. 
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Figure 5.2 Specific growth rate (SGR, grams × grams-1 × day-1; A), consumption (grams; B), 
and conversion efficiency (grams × grams-1 × 100; C) of Ambient-F1 and Heated-F1 largemouth 
bass at 24 °C (empty circles) and 30 °C (filled circles). Data are means ± SEM. Different letters 
denote significantly different means within each test (Tukey’s HSD post-hoc following 2-way 
ANOVA).
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Figure 5.3 Resting metabolic rate (ṀO2rest; mg O2 × grams-1 × hr-1) in largemouth bass from 
Ambient-F1, Heated-F1, and Heated-Lake groups. Different letters denote populations with 
significantly different means (Tukey’s HSD post-hoc test); temperature did not have a significant 
effect on ṀO2rest nor a significant interactive effect with population (all p > 0.05). Data are 
means ± SEM averaged across both 24 °C and 30 °C acclimation temperatures. 
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Figure 5.4 Consumption (grams) by each individual during the growth trial at 24 °C against 
bioenergetics model-estimated consumption (grams) required to achieve the observed growth 
using (a) a standardized metabolic rate for all fish and (b) a standardized metabolic rate for 
Ambient-F1 individuals and a 14.7% lower metabolic rate parameter for Heated-F1 (as observed 
in respirometry trials). In (a), model-estimated consumption is greater in Heated-F1 (p = 0.010). 
In (b), model-estimated consumption is not different, matching the empirical results (p = 0.773). 
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Figure 5.5 Critical thermal maxima (CTmax; A) and critical thermal minima (CTmin; B) of 
Ambient-F1, Heated-F1, and Heated-Lake groups acclimated to 24 °C (empty circles) and 30 °C 
(filled circles). Data are means ± SEM. 
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